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(IA) denotes invited article, and (C) correspondence 


\bsorption, optical of oxides in the Schumann ultra-violet region 
574 

\Icohols, polyhydric, and water, periodic discontinuities in mutual 
potential energy of molecules 65 


\lloy structure, influence on transfer of matter 447 
\lloys, Pt-10%Rh, see Platinum 
\iloys, transition metal, magnetism in (IA) 535 


Aluminium, 99:7°%, spectral emissivity between 200 and 540° c 
111 

Ammonium dihydrogen phosphate, dielectric properties at very 
high frequencies 417 

Amplification through stimulated emission (IA) 197 

Analogue computer, for analysis of stress patterns near holes 178 

Analogue computer, use for dynamic compression measurements 
of cushioning materials 621 

Analogues, electrical, incorporating negative 
solution of problems in elasticity 390 


resistances, for 


Analogy, mechanical of visco-elastic fluid (C) 348 
Analysis, magnetic, see Magnetic analysis 
Annealing of residual stress in SiO films (C) 580 


Araldite for stress analysis of models of composite structures (C) 
526 
Arc formation due to electrode contamination 282 


3andwidth of moon communication circuit 406 

3arium films, see under Films 

3ayard—Alpert gauge for pumping argon, nitrogen and hydrogen 
384 

3eam dividing systems, dielectric thin film, performance 499 

3earings, journal, shaft position indicator for 73 

3eta-radiation from 1!4C radioisotope source, use in recording 
micro-densitometer 614 

3ismuth telluride, thermal expansion of (C) 716 

3onding layers to flat surfaces for strain measurement 8 

3oundary value problems in heat conduction, calculation by 
convolution integrals for cylindrical cavity and half space 14 

3reakdown, electrical of glass in water, time lags in 419 

3ritish Standards Institution’s draft recommendation for industrial 
instrument scale design, observation accuracy 711 


Sadmium sulphide, photoconduction in 511 
“admium sulphide photoconductivity and speed of response 337 
Sapstan equation for strings with rigidity 559 
carbon monoxide sorption by Ba films: Arizumi and Kotani 
hypothesis 120 
Cathode sputtering in inert-gas glow discharges 465 
cathodes, oxide coated calcium, photoelectric processes in 698 
Seramics, piezoelectric, lead zirconate-titanate (IA) 529 
Sohesion, intergranular, method for determination 514 
Solour temperature of incandescent helical filament 257 
Somputer elements, physics of (IA) 207 
compression measurements, dynamic, of cushioning materials 
using analogue computer 621 
Sonduction, heat, see Heat conduction 
Sonductivity, electrical, see Electrical conductivity 
“onference reports: 
Electrical contacts, London, April 1961 313 
Electron microscopy, Nottingham, July 1961 585 
Electronic devices at helium temperatures, London, November 
1960 353 
Non-Destructive Testing Group and Société Frangaise de 
Métallurgie, May 1960 125 
Nuclear physics, Birmingham, April 1961 425 
Physics of polymers, Bristol, January 1961 | 261 
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Conference reports—continued 
Rutherford Jubilee International 
September 1961 641 
Stress analysis, University College of North Staffordshire, 
April 1960 3 
Thermoelectricity, Durham, July 1961 592 
Tunnel diodes, London, February 1961 646 
X-ray analysis, Glasgow, April 1961 429 
Conformal transformation, see Transformation 
Contact, electrical, properties of granular carbon aggregates 443 
Contacts, electrical, fundamental physical processes 318 
Contacts, electrical, metal transfer measurement by radioactive 
isotope method 485 
Contacts, electrical, symposium, London, April 1961 313 
Contacts, influence of alloy structure on transfer of matter 
Contamination of electrodes and arc formation 282 
Counting statistics in x-ray spectroscopy 503 
Copper staining of Ge p—n-p alloyed junction transistor sections 
193 
Copper whiskers, see Whiskers 
Cords and yarns, rubber models of 147 
Coupling factor of piezoelectric ceramic disks 188 
Creep of cylinders in torsion (C) 349 
Crystals, GaP and GaAs, growth from vapour phase 687 
Crystals, growth in glass 10 
Crystals, maser, microwave appraisal of 705 
Crystals, single, magnesium oxide, etching and polishing 44 
Crystals, single, metallic, technique for rapid, accurate and strain- 
free machining 296 
Cul vapour in atmosphere between 350 and 550° c experimental 
estimation of degree of ionic thermal dissociation 572 
Currents, induced, frequency dependence 146 
Cushioning materials, dynamic compression measurements using 
analogue computer 621 
Cutting, see Diamond 


Conference, Manchester, 


447 


Deformation, surface, investigation of 134 

Demagnetization of ferromagnetic particles 155 

Densitometer, see Micro-densitometer 

Deposition, vacuum, see Vacuum deposition 

Design of scales for industrial instruments (IA) 33 

Diamond, knife, ultra-microtomy of metals and structure of 
microtomed sections 554 

Dielectric behaviour of mercuric oxide (C) 715 

Dielectric constant of filament nylon, measurement in transverse 
field 450 

Dielectric parameters, v.h.f., for liquids and solutions using 
standing wave procedures, method for determination 679 

Dielectric properties of ammonium dihydrogen phosphate at very 
high frequencies 417 

Dielectrics, electromechanical effects on 629 

Dielectrics, liquid, electric breakdown study using Schlieren 
optical techniques 251 

Diffractometer, x-ray, method of determining specimen-surface 
displacement 421 

Diffusion, gaseous, in porous media: 
materials 275 

Diffusion in heterogeneous media: lattices of parallelepipeds in 
continuous phase 691 

Diode, estimation of total emission under normal operating 
conditions 566 

Discharge, glow, see Glow discharge 

Droplets, non-volatile, size distribution determination by light and 
electron microscopy (C) 348 
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Dynodes, Venetian blind type, electron-optical conditions, and 
effects in photomultipliers (C) 525 


Echo, amplitude, ultrasonic, interpretation 25 

Echo-ranger, narrow-beam, for fishery and geological investiga- 
tions 103 

Elasticity, dynamic measurement using resonance methods 

Elasticity, problems solved by electrical analogues 390 

Electric breakdown of liquid dielectrics, study using Schlieren 
optical techniques 251 

Electric field, influence on silver and iron whiskers growth 635 

Electrical conductivity and photoconductivity of thin anthracene 
layers in vacuum (C) 579 

Electricity of precipitation (IA) 372 

Electricity, thermionic generation (IA) 433 

Electrode contamination and arc formation 

Electroluminescent devices (IA) 660 

Electrolytic tank model for determination of stress concentrations 
184 

Electromechanical effects on dielectrics 629 

Electron bombardment, high power heating of cylindrical tube by 
609 

Electron current, matching of Pierce guns to tunnels 

Electron gun for zone-melting bombardment 577 

Electron guns, Pierce 346 

Electron microscope, heating of metallic foils in 115 

Electron microscopy, conference, Nottingham, July 1961 585 

Electron microscopy used to determine size distribution of non- 
volatile droplets (C) 348 

Electron-optical conditions at Venetian blind type dynodes and 
effects in photomultipliers (C) 525 

Electron tubes, average kinetic energy of diffusing particles 
523 

Electronic devices at helium temperatures, symposium, London, 
November 1960 353 

Emission of negative ions of oxygen from dispenser cathodes: 
I. Barium oxide in sintered nickel; If. Barium aluminate in 
sintered tungsten 214, 220 

Emission, total, of diode under normal operating conditions 566 

Emissivity, for total radiation, of small diameter Pt-10°% Rh wires 
in temperature range 600-1450° c 708 

Emissivity, spectral, see Spectral emissivity 

Emulsions, monodisperse, turbidity, and applications to poly- 
disperse systems 456 

Epitaxy and twinning in foils of noble metals condensed on LiF 
and mica 495 

Equations, physical, transformation into dimensionless parametric 
form 180 

Etch pits, dislocation, in polished lead telluride (C) 524 

Etching and polishing magnesium oxide single crystals 44 

Exhibition discourses: 

Hydrodynamic research (IA) 323 
Physics of the ocean (IA) 329 
Expansion, thermal, see Thermal expansion (C) 


(C) 80 


282 


346 


(C) 


Ferrite in stainless steel welds, estimation by magnetic method 344 

Ferroelectric effect, contact, applied to plastic flow 563 

Ferromagnetic particles, demagnetization 155 

Fibre assemblies, internal friction in 99 

Fields outside uniformly magnetized ellipsoidal or spheroidal 
structures 160 

Filament, incandescent helical, colour temperature 257 

Filaments, see also Nylon 

Film resistors, vacuum-deposited metal 668 

Films, barium, sorption by CO: Arizumi and Kotani hypothesis 
120 

Films, lime, of SiO, annealing of residual stress (C) 580 

Films, polymer, continuous changes in optical retardation 618 

Films, thin, anthracene, photoconductivity in vacuum (C) 579 

Films, thin, dielectric, as beam dividing systems, performance 499 

Films, thin, germanium and silicon 92 
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Films, thin, Permalloy, clean glass substrates for 603 

Films, thin transparent, thickness measurement by see 4 
175 | 

Films, thin, use of helium flush in vacuum deposition 255 

Films, thin, vacuum-deposited metal, as resistors 668 

Films, thin, see also Foils 

Fire research, radiometer for 633 

Fishery investigations, by narrow beam echo-ranger 

Floors, heated, temperatures under 300 

Flow, plastic, contact ferroelectric effect 

Flow, viscous, of suspensoid sols 545 

Fluid, visco-elastic, mechanical analogy (C) 348 

Fluorescence method for measurement of thickness of thin trai}) 
parent films 175 

Fluorimeter for measurement of thin (10-4 cm) transparent fil | 
IN) 

Foils, metallic, see Metallic foils | 

Foils, noble metal, condensed on LiF and mica, epitaxy aj 
twinning 495 

Fourier integral, simplification by adequate specification 248 


103 


563 


Frequency dependence of induced currents 146 
Friction, internal, in fibre assemblies 99 

Frictional properties of lignum vitae 118 

Furnace, induction, see Induction furnace 
Galvanometer effects and their application (IA) 85 


Gas discharge tubes, average kinetic energy of diffusing particl}| 
(@)r523 

Gases, noble, ion pumping 288 

Gases, pumping in Bayard—Alpert gauge 384 | 

Gases and vapours, polyatomic, ultrasonic relaxation in 243 | 

Gases and vapours, production of accurate mixtures for calibrati 
purposes 410 

Geological investigations by narrow beam echo-ranger 

Germanium, preparation of thin films 92 

Glass, growth of crystals in 10 

Glass immersed in water, ttme lags in electrical breakdown 41 

Glass substrates, clean, for Permalloy films 603 

Glow discharge, inert-gas, cathode sputtering in 465 

Granular carbon aggregates, electrical contact properties 443 

Granular material II, rheology: method for determination 
intergranular cohesion 514 

Granular materials, wet, gaseous diffusion in 275 

Granular shape factors measurement and porosity and surfa 
area of bed 172 

Graphite, measurement of growth of control specimen aft} 
irradiation 637 

Growth of crystals of GaP and GaAs from vapour phase 687 


103 


Heat conduction, calculation of boundary value problems, fal 
cylindrical cavity and half space 14 

Heating, high power, of cylindrical tube by electron bombardme# 
of inside surface 609 

Heating of metallic foils in electron microscope 115 

Helium flush in vacuum deposition of thin films 255 

Helium temperatures, electronic devices at, symposium, Londo 
November 1960 353 

Heterogeneous media, diffusion in: lattices of parallelepipeds i 
continuous phase 691 

High temperatures in controlled atmospheres, induction furnac 
tore 3i7/7/ | 

Hydrodynamic research (Exhibition discourse) (IA) 323 


Ignition of cellulosic materials 222 

Impedance, small signal, of solid core inductance 307 

Indium antimonide tunnel diodes 651 

Inductance, solid core, small signal impedance 307 

Induction furnace for temperatures above 3000° c in controlle: 
atmospheres 377 

Infra-red radiation, measurement of 633 
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istrument, industrial, design of scales for (IA) 33 

istrument scale design, industrial, observation accuracy and 
B.S.1. draft recommendation 712 

isulation of heated floors 300 

itegrals, convolution, for calculating boundary value problems 
in heat conduction 14 

iterferometry, measurement of small angular displacements— 
double-passed Jamin interferometer 20 

iternal friction in fibre assemblies 99 

yn bombardment by noble gases, sorption and replacement at 
tungsten surface 396 

yn pumping of the noble gases 288 

yn sources in mass spectrometers, emission of negative ions of 
oxygen 214, 220 

mnic mechanism of growth of whiskers obtained by reduction of 
metal halides 569 

nic thermal dissociation of Cul vapour in atmosphere between 
B5Orand 550° c 572 

nization gauge, Bayard—Alpert, for pumping argon, nitrogen and 
hydrogen 384 

on whiskers, see Whiskers 

tadiation of graphite, measurement of growth after 637 

otopes, radioactive for measurement of metal transfer in electrical 
contacts 485 


err’s constant, pulse method for measuring 50 


ead telluride, polished, dislocation etch pits in (C) 524 

ead zirconate-titanate piezoelectric ceramics (IA) 529 

ight transmission technique for following continuous changes in 
optical retardation in polymer films 618 

ignum vitae, frictional properties 118 

iquid ievel measurements, transfer relation of manometer for 683 

iquids, cylinder wall effect of spheres falling through, experi- 
mental determination 490 

iquids and solutions, determination of v.h.f. dielectric parameters 
by standing wave procedures 680 

ow temperatures, p—n junctions at very low temperatures 363 

ubrication, hydrodynamic, shaft position indicator for use with 
journal bearings 73 


[agnetic analysis, recent advances in 141 

lagnetic materials, soft, influence of method of demagnetization 
on permeability (C) 81 

fagnetic method for estimation of ferrite in stainless steel welds 
344 

[agnetic structures, ellipsoidal or spheroid, external fields 

[agnetism in transition metal alloys (IA) 535 

lanometer for liquid level measurements, transfer relation of 683 

laser (IA) 197 

laser crystals, microwave appraisal of 705 

faterials, brittle, measurement of tensile strength (C) 29 

faterials, cellulosic, self-heating and ignition 222 

faterials, examination by magnetic analysis 141 

aterials, fibre insulating board, self-heating and ignition 222 

aterials, granular, see Granular 

ercuric oxide, dielectric behaviour of (C) 715 

fetal cutting, temperatures determination, photographic tech- 
nique 238 

etal surfaces, smooth spark planing technique for machining 296 

etal transfer in electrical contacts measurement by radioactive 
isotope method 485 

etal whiskers, see Whiskers 

etallic foils in electron microscope, heating 115 

etals, low melting point, measurement of viscosities 625 

ethod of determining the specimen-surface displacement of 
x-ray diffractometer 421 

icro-densistometer, recording, employing f-radiation from 14C 
radioisotope source 614 

icrotomy, see Ultra-microtomy 


160 
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Microwave appraisal of maser crystals 705 

Moon as reflector in communication systems 406 

Mutual inductance method for measurement of electrical resistivity 
507 


Neutron sources, ring-shaped, use in Merlin reactor 298 
Non-destructive measurement of total emission of diode 566 


Non-destructive testing, conference report, May 1960 125 
Non-destructive testing, structure of 127 

Non-destructive testing, see also Materials, examination 
Nuclear physics, conference, Birmingham, April 1961 425 


Nuclear physics, Rutherford Jubilee International Conference, 
Manchester, September 1961 641 

Nylon, filament, measurement of dielectric constant in transverse 
field 450 

Nylon, visco-elastic properties of 230 


Observation accuracy and B.S.I.’s draft recommendation 712 

Ocean, physics of (Exhibition discourse) (IA) 329 

Optical absorption, see Absorption, optical 

Optical retardation in polymer films, continuous changes in 618 

Optical techniques, Schlieren, for study of breakdown of liquid 
dielectrics 251 


Particles, microscopic, accuracy of measurement by ‘flying-spot’ 
scanning 268 

Particles, spherical, packing and significance of properties of 
materials 169 

Permalloy films, see Films, thin Permalloy 

Permeability of heterogeneous medium consisting of lattices of 
parallelepipeds in continuous phase 691 

Permeability of soft magnetic materials, influence of method of 
demagnetization on (C) 81 

Permittivities of liquids and solutions in range 250 to 900 Mc/s, 
measurement using standing wave procedures 680 

Photocathodes, Sb-Cs, spectral response 519 

Photoconduction in cadmium sulphide 511 

Photoconductivity of thin anthracene layers in vacuum (C) 579 

Photoelectric processes in calcium oxide coated cathodes 697 

Photographic technique for determination of metal cutting tem- 
peratures 238 

Photomultipliers, effect of electron-optical conditions in Venetian 
blind type dynodes (C) 525 

Photosensitivity and speed of response in cadmium sulphide 337 

Photovoltaic response of selenium barrier layer cells to x-radiation 
in energy range 1540 kev 461 

Physics of the ocean (Exhibition discourse) (IA) 329 

Piezoelectric ceramic disks, coupling factor 188 

Piezoelectric ceramics, lead zirconate-titanate (IA) 529 

Plastic flow, see Flow, plastic 

Platinum-10°% rhodium wires in temperature range 600—1450° c, 
determination of emissivity for total radiation 708 


p-n junctions at very low temperatures 363 

p-n junctions, diffused InAs, electrical characteristics (C) 311 
Polishing and etching, magnesium oxide single crystals 44 
Polymer films, see Films, polymer 

Polymers, physics of, conference, Bristol, January 1961 261 


Porosity and surface area of a granular bed from air flow measure- 
ments 172 ; 

Porous media, gaseous diffusion in: Part 3—Wet granular materials 
275 

Precipitation, electricity of (IA) 372 

Pressure rollers, rubber-covered, behaviour 333 

Pulse method for measuring Kerr’s constant 50 

Pumping of argon, nitrogen and hydrogen in Bayard—Alpert gauge 
384 

Pyrometers, infra-red, emissivity errors and spectral response 401 


Radiation, infra-red, see Infra-red 
Radiation, reactor as source of (IA) 537 
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Radiometer, compensating 633 

Reactor as source of radiation (IA) 537 

Reactor, Merlin, ring-shaped neutron sources for 

Reactor, power, heating of test fuel element 609 

Refrigerator, thermoelectric, commercial problems in development 
595 

Relaxation, ultrasonic, see Ultrasonic relaxation 

Resistances, negative, use in solution of problems in elasticity 390 

Resistivity, electrical, measured by mutual inductance method 
507 

Resistivity measurements on small circular specimens, optimum 
probe array 414 

Resistors, vacuum-deposited metal film 668 

Resonance methods for dynamic measurement of elasticity (C) 
80 

Rheology of granular material II: method for determination of 
intergranular cohesion 514 

Rigidity, string, effect on capstan equation 559 

Rubber-covered pressure rollers, behaviour 333 

Rubber models of cords and yarns 147 

Rutherford Jubilee International Conference, Manchester, Septem- 
ber 1961 641 


298 


Scales for industrial instruments, design (IA) 33 

Scanning, ‘flying-spot’ accuracy of ineasurement of microscopic 
particles 268 

Schlieren optical techniques for study of breakdown of liquid 
dielectrics 251 

Selenium barrier layer cells, photovoltaic response to x-radiation 
in energy range 15-40 kev 461 

Semiconductors at high temperatures, measurement of thermal 
conductivity 675 

Semiconductors, InAs p-—n junction, diffused, electrical charac- 
teristics (C) 311 

Semiconductors, see also Cadmium sulphide, and p—n junctions 

Shaft position indicator for use with journal bearings 73 

Shear in suspensoid sols 545 

Silicon, preparation of thin films 92 

Silver whiskers, see Whiskers 

Size distribution determinations of non-volatile droplets by light 
and electron microscopy (C) 348 

Soils, see Granular materials 

Sols, suspensoid, principles governing viscous flow 545 

Sorption and replacement of ionized gases at tungsten surface 396 

Spark planing for production of flat smooth metal surfaces 296 

Spectral emissivity of 99:7°% aluminium between 200 and 540° c 
111 

Spectrophotometers, modifications required for turbidity measure- 
ments 456 

Spectroscopy, X-ray, see X-ray spectroscopy 

Spectroturbidimetry of emulsions 456 

Spectral response of photocathodes 519 

Sputtering, cathode, see Cathode sputtering 

Stainless steel welds, estimation of ferrite by magnetic method 344 

Strain measurement on flat surfaces, photoelastic technique 8 

Stress, residual, annealing in SiO films (C) 580 

Stress analysis, conference report, University College of North 
Staffordshire, April 1960 3 

Stress analysis, of composite structures, use of Araldite in models 
(C) 526 


Stress concentrations determined with electrolytic tank model 184 
Stress patterns near holes, analogue computer for 178 

String rigidity, effect on capstan equation 559 

Superconducting devices, high speed, recent developments 359 


Surface area and porosity of granular bed from air flow measure- 
ments 172 

Surface deformation, investigation of 134 

Surfaces, flat, photoelastic technique for strain measurement 8 

Surface tension, anomalous variation of (C) 716 
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Temperatures, helium, see Helium temperatures | 

Temperatures, high, see High temperatures 

Temperatures, low, see Low temperatures 

Temperatures under steadily heated floors 300 

Tensile strength of brittle materials, measurement (C) 29 

Testing, non-destructive, see Non-destructive testing | 

Thermal conductivity of semiconductors at high temperatt|| 
measurement of 675 

Thermal expansion of bismuth telluride (C) 717 

Thermionic generation of electricity (IA) 433 

Thermocouples, see Platinum—rhodium | 

Thermoelectric refrigerator, commercial, problems in developr|) 
595 

Thermoelectricity, conference, Durham, July 1961 

Thin films, see Films, thin 

Time lags in electrical breakdown strength of glass in water < 

Torsion, creep of cylinders in (C) 349 

Transfer relation of manometer for liquid level measurements 

Transformation, conformal, by analogue computer 178 

Transformation of physical equations into dimensionless pi} 
metric form 180 | 

Transistors, Ge p-n—p alloyed junction, copper staining of 1¢ 

Tunnel diodes, indium antimonide 651 | 

Tunnel! diodes, physics of 654 

Tunnel diodes, report on symposium, London, February 1961 


592 


Ultra-microtomy of metals and structure of microtomed secti 

554 
Ultrasonic echo amplitude, interpretation 25 
Ultrasonic relaxation in polyatomic gases and vapours 243 
Ultra-violet region, Schumann, optical absorption of oxides 


Vacuum-deposited metal film resistors 668 

Vacuum deposition of thin films, use of helium flush 255 

Vapours and gases, polyatomic, ultrasonic relaxation in 243 

Vapours and gases, production of accurate mixtures for calibra 
purposes 410 

Visco-elastic fluid, mechanical analogy (C) 348 

Visco-elastic properties of nylon 230 

Viscometer, capillary, of negligible kinetic energy effect 94 

Viscometer, falling-sphere, end effects 293 

Viscometer for use with low melting point metals 625 

Viscosity, periodic discontinuities in mutual potential energy 
molecules of water and polyhydric alcohols 65 

Viscous flow, see Flow, viscous 


Wall effect of spheres falling axially in cylindrical vessels, exp 
mental determination 490 

Whiskers, growth, copper, influence of electric field 342 

Whiskers growth, silver and iron, influence of electric field 63) 

Whiskers, metal, obtained by reduction of metal halides, 7 


if 


thesis on ionic mechanism 569 
Wire emissivity, Pt-10°% Rh, in temperature range 600-145(j 
708 | 
Wood density in trees, measurement of variation by record|f 
micro-densitometer 614 | 


in energy range 15-40 kev 461 
X-ray analysis, conference, Glasgow, April 1961 429 
X-ray diffractometer, see Diffractometer, x-ray 421 
X-ray spectroscopy, counting statistics 503 


Yarns and cords, rubber models of 147 


Zone-melting bombardment, electron gun 577 
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spirit of humility or of satisfaction. The commencement of our twelfth volume, the first to be opened 
since the amalgamation of The Institute of Physics and The Physical Society, provides an opportunity to 
consider the purpose of this journal and to attempt a statement of some principles to guide its future progress. 


T= New Year is traditionally a time for self-examination, conducted—according to temperament—in a 


To begin, what do we mean by applied physics? The term is difficult to define exactly, if only because all 
physics must eventually be applied or discarded as abstractions and speculations grow first into experiments 
and then into technology. The beginning and end of this process do not fall within our purview. This journal 
is not the proper home for a theoretical paper on the strangeness of nuclear particles or on the interpretation of 
radiographs taken for quality control in a welding shop. In the middle of the range there are, however, many 
topics of concern to us. The design, performance and data-processing system of a bubble chamber used to 
study the strange particles include a great deal of applied physics; discussion of the physical basis of new quality- 
control techniques using nuclear magnetic resonance would be equally acceptable. 


In short, we are primarily a journal of physics; that is not to say that every paper submitted to the editor 
must contain scientific ideas of striking originality or experimental methods of absolute novelty. There will 
always be some contributions of this eminent standard and it is important that they should be given a permanent 
home in readily accessible form. Anyone who writes one or two such papers in a lifetime will make his mark, 
but many members of the Institute and Society can make a valuable contribution to the literature and to the 
work of their fellow physicists by committing to print their researches on topics which, if not at the very 
boundaries of knowledge, have not yet been absorbed into the routine practice of an industry or a science. 
We are, in fact, a Journal of Applicable Physics. 


Of all the people whose efforts give life to a scientific journal, the authors and the editor are the most 
important since they determine its character and its status—drawing heavily on the support of readers and 
advertisers! The author has something to say and the editor’s duty is, with certain limitations, to let him say it. 
Eccentricities of literary style or scientific outlook are not in themselves grounds for rejecting a paper, though 
the speed of publication will be greatly increased by reasonable conformity with current practice in these regards. 
The author should, for example, see that his text is accurate in spelling, correctly punctuated and free from 
obscurities or ambiguities. He should also study the journal’s recommendations as to abbreviations, symbols 
and bibliographical references. It is unfortunate that no two societies agree exactly on the matters; consequently 
there is no uniformity among authors and most papers need some editorial attention in preparation for delivery 
to the printer. 


Before that stage is reached, however, the advice of a referee will have been sought. In judging the scientific 
merit of the paper, he will verify the mathematical reasoning and the deductions from experimental data. He 
will also suggest whether expansion or partial re-writing is necessary and whether any of the text can be 
curtailed without loss of clarity. Some papers are rejected, but only after anxious consideration of referees’ 
reports. Every student knows how Waterston’s famous paper on the kinetic theory of gases lay unpublished 
for many years because the referees of 1845 did not recognize its merits. Every editor knows that story too, 
and takes good care to avoid a repetition. 
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All that has been written here would apply equally to a great number of scientific publications; what are the 
distinctive features of our own journal? First, its range. At a time when specialized periodicals devoted to 
particular topics or techniques are being born every week, we take the whole of applied (or applicable) physics 
for our scope. Specially commissioned reviews, dealing with recent research in a wide variety of subjects, will 
in future appear every month; sometimes they will be reports of conferences and sometimes the work of individual | 
experts writing on their own specialities. 


Speed of publication is another important characteristic of this journal. The centralization of editorial work 
formerly done in different places by the Institute and the Society allows greater resources to be deployed, parti- 
cularly when a large task for one or other of the journals has to be completed quickly. Referees have agreed to 
give prompt consideration to papers sent for assessment and—notwithstanding their many other commitments— 
generally manage to return manuscripts with their comments in only a few days. Authors are being asked to 
help in reducing the length of the proof-reading stage. The effect of these measures is that the British Journal of 
Applied Physics can now offer publication at least as quickly as any other journal of comparable scientific 
standard. 


Book reviews—an essential aid in judging the voluminous literature of applied physics—are already a dis- 
tinctive feature of this journal and will be offered in greater numbers during the coming year. The preparation of 
book reviews is one of the hardest of literary exercises, but many members of the Institute and Society regularly 
devote abundant labour to the prompt and expert criticism of publishers’ offerings. Several review supplements 
(which have in the past been welcomed by both readers and publishers) will be included in our present volume. 


It is not enough for a periodical such as this merely to maintain its scientific and literary standards. Our 
subject is advancing rapidly into new and exciting realms; the journal must follow—indeed, it must sometimes 
go in front, marking the road for fresh advances. The money and effort required for this programme are sub- 
stantial but, reinforced by the encouragement and active support of the membership, they will yield great rewards 
in the advancement of learning and the elevation of the profession of physicist. 


J. M. A. LENIHAN, 
Chairman, British Journal of Applied Physics Sub-Committee. 
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immarized proceedings of a conference on stress analysis 


-University College of North 


Abstract 


2 Annual Conference of the Stress Analysis Group of 
2 Institute of Physics was held at the University College 
North Staffordshire, Keele, Staffordshire, from \\th to 
h April 1960. The papers, which were concerned 
marily with polymers and fibres, are summarized in 
y article. 


Rubber and rubber-like polymers 


HE first two papers were concerned with photo- 
[isi in rubber or rubber-like polymers. Dr. D. W. 
SAUNDERS (British Rayon Research Association, 
inchester) presented a review paper which dealt with a 
oretical molecular picture of what happens during defor- 
tion of a polymer in the glassy state and in the rubber-like 
te. In the glassy state it is usually thought that deforma- 
n involves distortion of covalent bond angles and lengths 
1 the photo-elastic effects are probably associated with 
se distortions. In the rubber-like state, however, there 
a well-defined molecular model—the kinetic theory of 
ber-like elasticity—which gives a good quantitative 
scription of the stress-strain and photo-elastic properties 
terms of simple molecular parameters. This theory, 
ich was expanded, is essentially a finite strain theory at 
astant volume. The main conclusions are that differences 
tween any two principal stresses or any two principal 
ractive indices, in a sample subjected to a pure homo- 
1eous strain, are proportional to the difference of the 
are of the corresponding principal extension ratios. Thus 
‘lst Hooke’s law is not, in general, obeyed, Brewster’s law 
photo-elasticity is, even for finite strains. The theoretical 
uations include parameters describing the degree of cross- 
king, the flexibility of the individual polymer chains and 
> optical properties of a single chemical unit of the polymer 
xether with observable quantities such as the mean 
ractive index and temperature. The theory was shown to 
in good agreement with the measured properties of natural 
ober and gutta percha vulcanites in the rubber-like state. 
tensions of the theory to polymer solutions were also 
cussed. 
Mr. E. H. ANDREWS (Natural Rubber Producers Research 
sociation, Welwyn, Herts.) described finite-strain experi- 
nts in which the stresses around a crack in a thin sheet of 
ober were measured photo-elastically using a technique 
sviously described (Andrews 1957) and a high powered 
croscope. Two alternative procedures were adopted, both 
which utilized a compensator cut from the same sheet of 
ober as the test piece. In one procedure the separate 
esses were obtained by integration of the principal stress 
ip and in the other the principal extension ratios were 
Juced from measurements of the change in thickness of 
»specimen. The results assume a simple relation 
1 9 


wn pete 


ween W, the stored energy, and x the distance from the 
ck tip along the axis of symmetry, where 7 is a parameter 
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describing the state of strain in the bulk of the test piece and 
« is a constant related to the unstrained radius of the crack. 
This equation describes the results for all experiments and is 
of the form predicted by infinitesimal-strain theory for small 
values of x. 


Glass fibres 


The next group of papers was concerned with the prepara- 
tion and utilization of high strength glass fibres and rods. 
Dr. W. F. THomMas (University College of South Wales and 
Monmouthshire, Cardiff) described experiments in which the 
strengths of fibres and rods of diameters from 2 x 10~4 in. 
to 10~! in. measured immediately after drawing were shown 
to be up to 530000 lb/in? for all sizes. The variability was, 
however, greatest for the thick rods, the majority of measure- 
ments being within the range 200000-530000 lb/in?. This 
variability could be reduced by holding the molten glass at a 
high temperature before drawing, when most of the bubbles 
could be removed from the surface, and by selection of test 
samples containing very few bubbles. These specimens 
always had a high strength. 

Dr. D. G. HoLLoway (University College of North Stafford- 
shire) gave a review of some of the simple experiments which 
have established the importance of surface contamination in 
the production of defects on glass fibres (Holloway 1959). 
The mechanisms whereby these defects, local inhomogeneities 
in composition and structure, lead to high stresses in their 
neighbourhood were discussed. It was suggested that it is 
the local concentration of stresses, at sharp corners on an 
arbitrarily shaped defect, arising through differences in the 
thermal expansion or the elastic coefficients, which results in 
sufficiently high local stresses to nucleate fracture. Simple 
qualitative evidence in support of this hypothesis was cited 
and photomicrographs of cracks appearing under thermal 
stress and under applied stress were shown. 

Mr. P. E. JELLYMAN and Mr. D. A. RICHARDSON (Pilking- 
ton Bros. Ltd., St. Helens) spoke about some of the problems 
of utilizing the strength of glass fibres commercially, which 
have an average strength of about 200000 lb/in?, compared 
with the undamaged strengths in excess of 500000 Ib/in? 
found by the previous speakers, the difference being attributed 
to surface damage during manufacture. Because of the 
importance of this surface damage the individual filaments 
are surrounded by a protective resilient layer such as silicone 
rubber. The paper was concerned primarily with the 
mechanism of stress transference between resin and glass, 
with dynamic fatigue and creep in laminates and with their 
deterioration in strength in humid conditions. Possible 
ways of increasing the stiffness of laminates, by techniques 
such as increasing the Young’s modulus of the glass, were 
also discussed. 


Textile fibres 


Dr. P. T. SPEAKMAN (Leeds University) described experi- 
ments to show how the Young’s modulus of a polymer 
(wool keratin) depends on the degree of cross linking, which 
could be varied by alkali treatment. The Young’s moduli 
were measured directly using an extensometer or by a 
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dynamic method in which a weighted fibre was vibrated in 
resonance. The moduli were fitted to Flory’s equation 
(Flory 1956) for anisotropically cross linked polymers. 

In the next paper Mr. R. J. E. CUMBERBIRCH (British Cotton 
Industry Research Association, Manchester) described experi- 
ments on the effect of molecular chain lengths on the 
mechanical properties of monofilaments and followed this by 
a theoretical interpretation of the results. Monofilaments 
with a wide range of molecular chain lengths, prepared from 
cellulose acetate, were stretched varying amounts under 
boiling water to give a wide range of molecular orientations, 
before conversion to cellulose filaments with sodium hydro- 
oxide. For filaments stretched a given amount it was shown 
that both specific stress at rupture (tenacity) and molecular 
orientation increase with molecular chain length, but that 
the tenacities of filaments of constant molecular orientation 
increase with chain length up to a certain value and then 
remain constant. For filaments containing distribution in 
chain length, it was found that the tenacity T of a blend of 
fibres is given by 


T=) wil; 
i 


where w; is the weight fraction of the component with chain 
length 7 and tenacity 7;, the close agreement between experi- 
ment and calculation being shown for two molecular orienta- 
tions (birefringence) in the Table. In his theoretical treat- 


Tenacities of blends of two fractions of different molecular 
chain length 


(53% of chain length (DP) 1164 + 47% of chain 
length (DP) 178) 


Dry tenacity, g/denier Wet tenacity, g/denier 


An =0-015 An =0-025 | A, =0-015 A, =0-025 
Measured 1:34 1-94 0:76 1-10 
Calculated 1:3 2-01 0-69 1-09 


A, = birefringence. 


ment the author proposed that the structure of regenerated 
cellulose in monofilaments may be represented by basic 
structural units, each of which consists of pairs of adjacent 


Fig. 1. Adjacent crystallite end faces and the molecular 
chains that connect them. 


crystalline regions (crystallites) linked by chain molecules 
(Fig. 1). The distribution in length of these chain molecules 
was considered statistically, and hence the distribution of 
stress on the chains as the crystallites were pulled apart was 
calculated, the shorter chains breaking first and shedding 
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their load to other chains. Theoretical determinations} 
tenacity from these statistical concepts were shown to agi 
closely with observation. | 

The difficulties in using tenacity values to predict 
strength of twisted yarns were dealt with by Dr. J. W.| 
Hearte and Mr. V. M. THAKUR (Manchester College | 
Science and Technology). The authors suggested that |} 
filaments at the centre of a twisted yarn are likely to be | 
first to break and described some experiments to test ¢/ 
hypothesis. They showed, however, by including fibres; 
various colours in the yarn, that the position of a si 
fibre varied from the inside to the outside at different poi 
along the length. Breakage of the yarn could be arres| 
when about one half of the fibres had been broken. : 
possible mechanisms that would allow this to happen w 
considered and it was concluded that the most probay 
mode of failure was one in which breakage started in 
middle of one half of the yarn, spreading out to the rest} 
this half. 

Mr. I. H. HA. (British Rayon Research Associatif} 
Manchester) described experiments to determine stress—str} 
curves for fibres at high rates of strain which were perform 
on equipment developed at the British Rayon Reseaj 
Association (Lewis 1957, Holden 1959). Drawn isotas 
polypropylene fibre was used which undergoes a glass-rub 
transition at about 0°c and so might be expected to sh 
pronounced changes in behaviour with increasing strain rd 
The experiment was also designed to reveal any system 
errors that might occur either because the high extens 
velocity caused non-uniform stress distribution along | 
specimen, or because slippage occurred at the points w if 
the fibre was clamped. A strain rate can be reproduced} 
different combinations of extension velocity and gauge leng]. 
and the different stress-strain curves should coincide u | 
prevented by these errors. This was done for several r 
between 30 and 500s~! and it was found that provil 
extension velocities below 1500 cms were used and 
gauge length was increased by 7 mm to correct for slippaf 
coincidence was achieved. 

For rates from 3-3 x 10-* to 3:3 x 10-2s—! and 
temperatures from 90—310°K for a fixed rate of 6-5 «x 10~* 
stress-strain curves showed that: 


(a) The energy to rupture and extension at break w 
halved as the strain rate was increased from 5 x 1 
to 3 x 10-2s~! or the temperature reduced fi 
280 to 270°k. This was because the material ced 
to draw at the lower temperatures or higher rates. |] 

(6) The initial modulus increased about 1-5 times as 
strain rate was increased from 30-300 s~—! or the ti 
perature was reduced from 290-250°x. Dynal 
measurements at kilocycle frequencies (Sauer et] 
1958) show a similar change in modulus in the ta} 
perature range 310—270°K which is associated with 
glass-rubber transition. 

(c) At 90°K the extension at break was 13°% and_ 
although the material was well below the glass—rutf 
transition temperature, it was not glass-like. 


The data at different strain rates have been examined fi 
the viewpoint of visco-elastic theory. Over the whole ra 
of strain rates, for strains less than 5°% the stress o, strail 
and time 7 are related by the equation 


oe = $e) + (7). 


This is equivalent to a generalized Maxwell model contaial 
one non-linear spring without an associated dashpot. 
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Ar. D. H. PAGE and Mr. P. A. TYDEMAN (British Paper and 
urd Industry Research Association, Kenley, Surrey) gave 
rief description of the nature and manufacture of paper 
1 outlined its rheological properties. 

t should be possible to relate the mechanical behaviour 
the paper sheet to three factors: the properties of the 
stituent fibres, the properties of the fibre-to-fibre bonds 
| the geometrical structure of the sheet. This relationship 
| obviously be of a statistical nature due to the random 
ure of the geometry and the distribution of the properties 
the components. Initial results of measurements of the 
d-elongation curves of individual papermaking fibres 
e given and features affecting the shape of this curve were 
strated by a ciné film showing the stretching of a typical 
twood fibre. Preliminary investigations into the strength 
individual fibre-to-fibre bonds were described. Resulting 
m the development of a new technique utilizing the light 
roscope, it is now possible for the first time to see and 
asure the size and shape of individual fibre-to-fibre bonds, 
| this was illustrated by micrographs. This will enable 
tors such as the size and shape of fibre-to-fibre bonds, in 
ation, to be related to their mechanical properties. Work 
the structure of paper has been advanced by the appli- 
ion of this technique to the observation of bonds in sheets. 
> geometrical arrangement of bond sites has been examined 
| related to some papermaking variables. In addition, the 
inique has permitted, for the first time, the direct obser- 
ion of bonds while the sheet is under stress, and the 
akage of fibre-to-fibre bonds has been observed prior to 
ture of the sheet. This was illustrated by a second ciné 
L. 

Ar. F. L. WARBURTON (Wool Industries Research Asso- 
jon, Leeds) described experiments to determine the life 
ler load of nylon fibres at different temperatures and 
isture regains. For each experiment 50 fibres were 
pended under load in a humidity cabinet controlled to 
-2°c and +2% relative humidity. The distribution of 
aking time for typical experiments is shown in Fig. 2. 


50) 


25°C 62, relative humidity 
50 fibres 


40 9:5 load 


30 


° 

40°C 50g relative humidity 
48 fibres 

° 7-64 g load 


3 Logt, 4 5 6 


ig. 2. Distribution of breaking times for fibres subjected to 
constant load. 


each set of ambient conditions experiments were made 
g different suspended loads, and the median breaking 
‘s or half-lives used as a preliminary measure of the effect 
sad on the life of the fibres. The relation between life 
load so found was used to analyse the distribution of 
king times in the individual experiments in terms of a 
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Statistical distribution of minimum effective (load bearing) 
areas of cross section between the different fibres. It was 
found that the wide variation in breaking times could be 
accounted for on the basis of a 10°% variance in cross-section 
area. The adequacy of this hypothesis was further examined 
by determining, with aid of a table of random numbers, the 
actual distribution of fibre cross sections to be expected when 
40 fibres are drawn at random from an infinite population 
having this variance, several selections being made. These 
areas were then used in conjunction with the relation between 
load and half-life to construct theoretical breaking time 
curves, different loads being used for each group of fibres. 
The resultant curves are shown in Fig. 3. It will be seen that 
these reproduce all the features of experimental curves, 
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Fig. 3. Theoretical breaking time curves, based on random 


selection from population with variance similar to that 
observed experimentally. 


including the step-like discontinuities thus showing that the 
latter can be attributed to the bunching which occurs when a 
finite number of fibres are drawn from an infinite population 
showing a continuous variation. 

The data of Figs 2 and 3 and of other experimental 
curves have been converted to a relation between maximum 
stress (along the length of fibre) and breaking load assuming a 
Gaussian distribution of areas. It was found that the points 
for experiments at different loads fitted a single curve just 
as well for the experimental as for the theoretical data thus 
showing that the variance calculated from the preliminary 
curve between load and half-life was correct to within the 
limits of accuracy attainable. Master curves for the data at 
any one temperature have been constructed by applying cor- 
rection factors to both the load and time axes. For 25°c the 
factor applied to the time axis was equal to the change in 
internal friction as calculated from experiments on the 
dynamic modulus at low frequencies; only a small factor 
was then required for the load axis to produce coincidence. 
These results, in conjunction with the experiments on the 
dynamic modulus, suggest that the effects of absorbed 
moisture on the mechanical properties of nylon are largely 
the result of a big reduction in the internal fluid friction, but 
much smaller changes in elastic properties also play a part. 

Hot stretching is an important commercial process for 
treating nylon cords and experiments to determine the effect 
on the properties of nylon cords of time of heating, tem- 
perature and tension applied were described by Mr. W. S. 
Symes (British Nylon Spinners Ltd., Pontypool). When 
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nylon cord is heated it tends to shrink, but under a load it 
creeps faster at high temperatures and these two conflicting 
factors govern the cord length changes. Further the modulus 
of the cord increases with the hot stretching tension, tem- 
perature and time. A high modulus cord has a low shrinkage 
when the cord is subjected to subsequent heating, such as 
might occur during tyre manufacture, but unfortunately 
thermal degradation of the nylon occurs if the heating is too 
severe. In practice a compromise has to be made between 
low shrinkage under subsequent heating, high modulus and 
cord strength. A fourth factor of commercial importance is 
that a long period of stretching reduces the rate of production 
of cord. 


Instruments 


The next two papers were concerned with the design and 
development of special instruments for fibre and polymer 
testing. Mr. D. F. Davey (British Nylon Spinners Ltd., 
Pontypool) described an instrument to measure the force 
required to unwind yarn from its package during textile 
processes. The instrument was capable of measuring tensions 
of from 1 mg to 5 g with a linear frequency response from 
0 to 35c/s. This was followed by a paper by Mr. A. E. 
EaGLes and Mr. A. R. PAYNE (Rubber and Plastics Research 
Association of Great Britain) which dealt with methods of 
converting physical stresses and strains into electrical signals 
for measurement and recording. 

The instruments described depend on a common principle 
by which force, first converted to a very small movement, 
is detected and measured by a differential inductance or 
differential transformer transducer used in association with 
a proof ring (Van Dong and Barraud 1959). 

The actual instruments developed at the Rubber and 
Plastics Research Association of Great Britain in which the 
transducer has been used were: 


(1) an electronic tensile tester for measuring stress-strain 
characteristics of polymeric material; 

(2) a dynamic tester for measuring oscillatory properties 
of polymeric material over a wide frequency, tem- 
perature and amplitude range; 

(3) a friction measuring equipment for determining the 

coefficient of friction between polymer and other 

surfaces; 

a torsion pendulum dynamic modulus instrument for 

characterizing the temperature response of polymers; 

(5) a rope friction machine for measuring the friction and 
abrasive stresses between rope and polymer coated 
fabrics; and 
(6) an intermittent stress relaxation equipment for investi- 
gating the oxidative breakdown of polymers at elevated 
temperatures. 
A practical demonstration of the system in use was given 
during the lecture. 


(4 


wa 


Miscellaneous 


On the last day of the conference several papers were 
presented which had no connection with polymers or fibres. 
In the first of these Prof. J. P. DUNCAN (Department of 
Mechanical Engineering, University of Sheffield) described 
interferometric techniques that could be used in the study of 
the flexure of multiply connected plates. Optically flat metal 
plates could be prepared rapidly to an accuracy of two 
interference bands over an eight-inch span. The design, 
construction and operation of three types of Fizeau inter- 
ferometer for observing deflections and surface irregularities 
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were outlined. The interferograms enabled the sae || i 
of the plates to be determined sufficiently accurately 

problems of statical indeterminancy, but stresses could rj} 
be calculated from the double differentiation of w determin) 
from the interferograms and a technique for determin 
these slope contours for plates in flexure was described } 


University of Sheffield) who first reviewed existing techniqi} . 
for slope measurement. Finally, he described a technic} 


target mounted at one principal focus of an optical system 
viewed after reflection from the plate under test at a pin h: 
at a second principal focus of the system (Fig. 4). Obser? 
tions are made for the unloaded and loaded plate. 


contours for plates in flexure. 


targets of different pattern which can be used to facili 
measurement of slope contours are included in the fig 
The simplest targets are the circles which give contours} 
equal slope and are useful for cases of circular symme 
and the straight lines which give contours of equal slope 
direction perpendicular to the orientation of the lines on 
target. The apparatus which was described in detail ena 
slope change intervals of 0:000025 radian to be recor] 
without difficulty, the slope change interval being the sl 
difference from one equi-slope line to the next. 
Mr. C. L. Emery (Queen’s University, Ontario, and 
versity of Sheffield) next demonstrated the use of phaf 
elastic coatings in the study of strains in rocks and granq}, 
materials. Two basic techniques had been used: in the jf} 
photo-elastic sheet was stuck on to a plane surface of the 
under investigation and in the other, the plastic was p 
merized directly on to the test surface. With rocks it 
normally necessary to have a reflective surface between 
plastic and the surface and this was provided either on } 
plastic sheet or as a reflective cement. 


creep and delayed elasticity in rocks after extraction. sdf 
results were also shown for strain patterns in large-grail] 
aluminium test pieces. It was claimed that the technique 
wide application in the field of stress analysis. | 
In the final paper Mr. A. DINsDALE (British Cera} 
Research Association, Stoke-on-Trent) spoke about the w 
at B.C.R.A. on the impact strength of ceramic materials.| 
pendulum device was described in which a ceramic rod | 
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ased just before contact was made with a steel anvil at 
bottom of the swing. The rod was struck transversely 
the mid-point so that it tended to fracture in tension. 
- results suggest a correlation between ‘impact strength’, 
ang’s modulus and the modulus of rupture. The relation 
ween the impact energy required to fracture a cylindrical 
and the ratio of length-diameter has been investigated. 
empts to account for the observations in terms of the 
ious corrections to the long beam flexure formulae, 
uired to take account of shear effects and indentation 
ses, were discussed. 

the conference ended with a visit to the British Ceramic 
search Association, where the experiments described by 
. Dinsdale were demonstrated. Other work connected 
h brittle fracture of ceramics, studies on the rheology of 
ys, dynamic measurement of the elastic properties of 
amics, measurement of the strength of bricks and the 
nufacture of high strength ceramics were also demon- 
ited. 


ning Research Establishment, 
rton Hall, 
worth, Middlesex. 


C. D. POMEROY 
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Abstract 


The use of the impact glue, Eastman 910, produced 
stronger bonds than could be achieved with epoxy resin 
adhesives. Epoxy resin layers bonded on to flat polished 
Dural surfaces were torn by fatigue cracks in the metal 
without extensive bond failure. The bond strength was 
improved by controlled etching and hot soaking of the 
Dural surface (as shown by Fessler and Haines in 1958) 
before bonding. 

Impact glue bonds between epoxy resin layers and flat 
polished alloy steel surfaces withstood static strains of 
0-3°% (slightly beyond yielding) in pure tension and 2:5% 
in eccentric tension. 


Introduction 


TECHNIQUE had previously been developed (Fessler and 
Ai 1958) for the measurement of static strains in 

aluminium alloys (Fessler and Haines 1959). The 
technique employed an epoxy resin to bond layers of photo- 
elastic material on etched surfaces. It proved unsatisfactory 
for aluminium components subjected to alternating forces 
and for steel components under static forces. An impact 
glue (Eastman 910, by Kodak Ltd.) proved satisfactory for 
both these problems. 


Initial bonding procedure 


The manufacturers of the impact glue state that “‘smooth 
surfaces, which provide more intimate contact, bond more 
readily than rough poorly-fitting surfaces’. Preliminary tests 
confirmed this and the following procedure was evolved. 

The ground or bright-rolled surface was rubbed with 
emery papers of successively finer grades to no. 400 grade, 
polished with 6 and 1 diamond polishing paste and 
degreased with petroleum ether. Surface finishes of centre 
line average height of 5 to 6 win. were obtained in this 
manner on Dural specimens and 1 p in. on steel specimens. 

Thin pieces of epoxy resin (Araldite casting resin B) were 
flattened and dried by heating above the critical temperature 
for frozen stress and then degreased. Drops of adhesive 
were squeezed out of the plastic container and placed on the 
metal surface at approximately 4in. spacings. The layer 
was placed on these drops and the adhesive spread over the 
bonding surfaces by sliding the layer over the metal without 
the application of pressure. Finger pressure was then applied 
at the centre of the bonding area and gradually spread out- 
wards to squeeze surplus adhesive to the edges of the layer. 

After less than one minute the pressure was removed and 
the bond was allowed to cure for twenty-four hours at room 
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temperature in a dessicator, to impede the formation of ti 
edge stresses in the layer. The layer was carefully filed to { 
profile of the metal component by exerting thrust towas 
the metal only. 

Bonds made in this manner withstood varying ten 
strains in a fatigue machine and were strong enough to ca | 
the photoelastic layer to crack in the same positions as © 
fatigue cracks in the Dural plates to which they were bond! 
However, local bond failure occurred at the tip of the cra¢f} 
and further tests were carried out to try to increase [f 
strength of the bonds. 


Dural shear tests 


The results of shear tests carried out on specimens sho 
in Fig. 1 are presented in Table 1. The etching of specim 


Araldite castin 
Dural Teeny 3 


Fig. 1. Shear test specimen. 


number 1.3 consisted of immersion in a special solutio 
16% sulphuric acid and 2° sodium fluoride for ten minu 


Table 1 

Specimen Metal Spreading Type of Failure str t 

no. preparation of adhesive failure (/b/in2) ! 

it Polished Slide Bond 140 |} 

1-2 Polished Scrape Bond or end 300 | 
ies Etched Slide End 380 


The term ‘scrape’ refers to a new method of applying | 
adhesive to the metal surface. This consists of placing a p 
of adhesive on to the metal surface and spreading it over | 
bonding area with the edge of stiff paper. This was doné 
an attempt to equalize (over the whole surface) the tif 
between adhesive-epoxy contact and bonding. Trials 1 

| 


shown that the adhesive attacked the epoxy surface fa) 
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lly, and corrosion pits at the initial positions of the drops 
suspected as weak parts of the joint because the bonding 
sure at these points would be reduced. 

ie ‘failure stresses’ are the load/area of joint, purely 
rary comparative figures, which suggest that both etching 
he metal surface and distribution of the adhesive by 
ding may be beneficial. Wéith specimen 1.2 it could not 
scertained whether the bond failed before one of the 
y plates fractured. 


Dural surface tests 


ur plain tensile specimens of the size shown in Fig. 2 
layers bonded over the greater part of their shanks. 


~ 


Wns 


\ta 
8 in. 


Fig. 2. Tensile specimen. 


se tests are summarized in Table 2. The adhesive was 
ad by sliding for these four tests. Specimens 2.3 and 2.4 
> etched in the same way as specimen 1.3, but specimen 2.4 
immersed in distilled water at 70° c for ten minutes after 
etching solution had been rinsed off. 


Table 2 


Failure stress 


imen no. Metal preparation Type of failure Yield stress 
Meal Polished Bond 1-26 
Ded, Polished Bond 1-44 
2.3 Etched Local at neck 1-54 
2.4 Etched and soaked Local at neck 1-31 


ecking and fracture occurred near the ends of the layers. 
se tests confirmed that etching increased the bond strength 
the controlled hot soaking, which was taken over from 
technique for bonding with epoxy adhesive (Fessler and 
1es 1958), had to be preceded by the correct etch. The 
<ness of adhesive for the polished specimens was approxi- 
sly 0:0003 in., whereas it exceeded 0-002 in. for the 
ed ones. 


Drying-out tests 


ne Dural specimens shown in Fig. 2 contained a sharp 
raiser. Two short fretsaw cuts located very fine cuts, 
luced with a serrated razor blade, diametrically opposite, 
he diameter of the hole normal to the direction of loading. 
ing with the razor blade was continued till it made a 
le mark in the metal and in the layer. 

1e photoelastic layer absorbs atmospheric moisture, 
h causes time edge stresses. These time edge stresses 
d be removed by drying out at an elevated temperature 
ch treatment did not reduce the strength of the bonds. 
imens 3.1 to 3.3 were polished and the adhesive was 
ad by sliding. The nominal failure stress is the applied 
divided by the gross cross-sectional area of the necked 
ion. It is apparent from Table 3 that drying out at 65° c 
cens the bond very severely. Time edge stresses in the 
‘+s must therefore be avoided by ensuring that the layer 
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_ layer. 


is stress-free before bonding, and by storing the bonded 
specimen in a dessicator. 


Table 3 
Nominal failure stress 
Specimen no. Time at 65° Cc Type of failure ~ Yield stress 
3, 2 hours Bond Failed in filing 
32 1 hour Bond 0-62 
3.3 None Local 0-85 tears layer 


The test on specimen 3.3 showed that the bond strength in 
static loading was comparable with the fatigue strength, 
because the layer was torn in both cases. 


Layer surface tests on Dural 


Examination after failure of the metal surface of some of 
the etched specimens revealed partial adhesive covering. 
This indicated that, with etched aluminium surfaces, the 
bond between the adhesive and the metal was of comparable 
strength with the bond between the adhesive and the epoxy 
The effect of preparation of the layer surface was 
studied with specimens 4.1 to 4.3 of the shape shown in Fig. 2. 


Table 4 
Layer Adhesive Type of Nominal failure stress 
Specimen no. surface on failure Yield stress 
4.1 Polished Metal Tears layer 0-91 
4.2 Emery 400 Metal Tears layer 0-87 
4.3 Emery 400 Layer Tears layer 0-91 


Table 4 shows the results of these tests. All metal surfaces 
were etched and soaked according to the procedure for 
bonding with epoxy adhesive (Fessler and Haines 1958). The 
impact glue was spread by scraping. Table 4 indicates that 
surface finish of the layer has little effect and that it is im- 
material whether the adhesive is placed on the metal or on 
the layer. Very strong bonds were attained in every case and 
no bond failure could be detected. The etching of the Dural 
surface reduced its reflectivity, and high contrast photo- 
graphic emulsions were required to produce satisfactory 
photographs of fringe patterns. 

The epoxy layers used in all these tests were cast in hori- 
zontal open trays and the air-face of these castings was used 
as a ‘polished’ layer surface. The ‘emery’ surfaces were 
produced by rubbing down the lower surface of the sheets. 
It was noted that the impact glue reacted less rapidly with 
the air-face of the layers. 


Fringe decay test 


A plain tensile specimen of the size shown in Fig. 2 was 
prepared by etching and soaking and an epoxy layer was 
bonded to the shank. The specimen was then loaded in 
pure tension and maintained at a constant strain of 0-087% 
for sixty-eight hours, during which time no change of fringe 
order was detected. The strain was then increased to 0:24% 
and kept constant for a further seventy-eight hours, and 
again no change in fringe order was recorded. Both these 
strains were elastic. 


Alloy steel tests 


Various etching procedures were tried in unsuccessful 
attempts to achieve a strong joint between epoxy layers and 
flat surfaces of an alloy steel (0:31% carbon; 0:49°% man- 
ganese; 2-1 % nickel; 0:67 % chronium; 0-21 °% molybdenum) 
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using epoxy adhesives. The initial bonding procedure 
described earlier proved successful for static loading of flat 
steel models, which contained different discontinuities of 
profile but no cracks. 

Several unexpected bond failures led to a series of six tests 
of plain tensile specimens. These showed that no significant 
increase in bond strength was obtained by: 


(a) using emery paper or etched metal surfaces instead of 
polished surfaces, or, 
(b) spreading the adhesive by scraping instead of sliding. 


The unexpected bond failures were later shown to have 
been caused by an oxide film, which formed on the polished 
steel surfaces while they were stored for several weeks before 
bonding. 

When the ‘initial bonding procedure’ was adopted with 
freshly polished pure tension specimens it was found that 
the bond failed at 0-3°% strain, which was slightly greater 
than the yield strain of 0-29°%. In cases of eccentric tension 
(where the greatest bending stress was 5-1 times the mean 
tensile stress) the bonds withstood strains of up to 2:5%. 

Two long-term tests on pure tension specimens of another 
alloy steel showed no change in the fringe orders when a 
strain of 0:077% had been maintained for 120 hours and a 
strain of 0:15°% had been maintained for eighty hours. Both 
these strains were elastic. 


Growth of crystals in glass 


by J. G. MORLEY, M.Sc., A.Inst.P.,* Pilkington Bros., St. 


Paper received 16th September 1960 


Abstract 


The devitrification characteristics of five Na ,O-SiO, 
glasses have been examined by a new method, and some 
empirical relationships, applicable over the range of 
compositions studied, have been established. Comparisons 
are made with results given in other published work. 


Introduction 


of crystals over a particular temperature range, which 
varies according to its composition. Suitable heat 
treatment within this range will cause crystals to grow in the 
glass, which is then said to be devitrified. The upper limit 
is defined as the liquidus temperature, and above this point 
crystals are unstable and will dissolve in the glass. The 
lower limit of the devitrification range can be regarded as 
the point at which the rate of crystal growth becomes neg- 
ligibly small. Between this point and the liquidus temperature 
the rate of crystal growth has a maximum value. 
A glass devitrifies with varying facility according to its 
composition, and this is one of the main factors limiting the 


A GLAss will show a tendency towards the formation 


* Now at Rolls-Royce Aerophysics Laboratory, Littleover, 
Derby. 
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Conclusions i 


The impact glue Eastman 910 was found superior to ep¢ 
adhesives for bonding layers of epoxy resin on to alumini} 
and steel surfaces. 

With Dural specimens the best results were obtained 
controlled etching and hot soaking of the surface (Fessler al 
Haines 1958) prior to spreading the adhesive by scraping | 
either surface. Heating to 65° c destroyed the strength of |jj 
bonds. 

The surface finish of alloy steel does not appear to aff] 
the bond strength, provided that bonding takes place befor 
significant oxide film is formed on the surface. 
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composition range of practical glasses. 
stage in their manufacture have to pass through their de 
fication range, and the manufacturing process must be 
that the time spent by the glass in this region is as sho 
possible. A glass composition chosen for production m 
have the minimum devitrification tendency consistent ¥ 
its other desirable properties. | 
Measurements of the rate of crystal growth as a funcifi 
of temperature have been made by a number of obse 
including Dietzel (Zschimmer 1929), Mullensiefen _ 


(1950), Swift (1947) and Milne (1952), 
noticed a general correlation between the maximum ratdfi 
crystal growth and the viscosity of the glass at the |p 
responding temperature in a number of Na,O-CaO- ah 
glasses examined by Dietzel (Zschimmer 1929). Pregl 
(1940) and Swift (1947b) devised empirical equations af} 


the degree of cooling below the liquidus temperature; | 
Cox and Kirby (1947), using a different approach, |} 
derived an equation connecting the rate of crystal gray 
with temperature. 

Published work deals mainly with glasses of tec 
interest containing, in general, a large number of diffe 
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nponents and a corresponding variety of different cry- 
line devitrification products. It was felt worth while to 
mine the devitrification characteristics of a series of five 
,0-SiO, glasses all lying in the tridymite stability field 
| having liquidus temperatures ranging from 900 to 1200° c. 
dymite is the crystalline form of silica stable between 870 
11470° c. The viscosities of various glasses in this system 
e been studied by Lillie (1939), and by Shartsis, Spinner 
1 Capps (1952). 


Experimental work 


fhe bulk of the published work on the rate of crystal 
wth has been obtained by a microscopic examination of 
stalline spherulites in small samples of glass, which had 
n held at particular temperatures within the devitrification 
ve and then quenched. Dietzel (Zschimmer 1929) and 
ift (1947a) also made measurements on the growth of a 
stalline layer at the surface of their glass samples, at the 
ver temperature end of the devitrification range of the 
nposition. It was found during the course of the study, 
t measurements of this type showed far less variability 
nm measurements made on individual spherulites. The 
hnique was therefore adapted for use in the present 
estigation. In their devitrification range the glasses 
died had fairly high viscosities, low rates of crystal growth 
i very rare homogeneous nucleation. Because of these 
yperties it was found possible to modify the method as 
d by Swift (1947a) and Dietzel (Zschimmer 1929), so that 
placing a long sample in a suitable temperature gradient, 
rate of increase in thickness of the crystalline surface layer 
ild be measured throughout the devitrification range. It 
s established that the rate of growth of such a layer was 
form at a particular temperature. It was also established 
t, in the case of the growth of silica crystals, it had the 
ne value as the rate of increase of the radius of a crystalline 
lerulite at the same temperature. 
Phe samples used were in the form of rectangular blocks, 
yut 10 cm long and 1 cm in cross section, and were ground 
these dimensions using a medium grade of carborundum 
wder. Care was taken to remove all traces of carborundum 
wder after grinding. This treatment was found to give an 
ple number of nucleation centres at the surfaces of the 
ss. The samples were wrapped in 0-05 mm thick platinum— 
¥, rhodium foil and placed in a small horizontal platinum- 
und electric furnace, which had an almost linear tem- 
ature gradient in its working zone. The temperature 
tribution along the sample was determined from the 
dings of twelve platinum—platinum-13 % rhodium thermo- 
ples, which were embedded in a refractory tile and so 
anged that their hot junctions were almost in contact with 
base of the sample. After a time, dependent on the 
ximum rate of crystal growth in the glass, the sample was 
1oved from the furnace and annealed, care being taken to 
ure that the maximum temperature reached in the 
ealing programme was outside the devitrification zone of 
glass on test. The foil was removed from the sample, 
ch was then attached to a glass plate using Canada 
sam. The upper surface of the block was then ground 
iy until all crystalline material growing inwards from it 
| been removed. The depth of penetration of the cry- 
line surface layer growing inwards from the sides of the 
ok was then measured at various positions along the 
sth of the block, corresponding to different temperatures. 
he rate of crystal growth temperature curves for the 
ses studied are shown in Figs 1to 5. The liquidus tem- 
atures were taken from the phase diagram of the Na,O- 
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SiO, system published by Kracek (1930, 1939). The primary 
phase in all these glasses was identified as cristobalite (the 
crystalline form of silica stable between 1470 and 1713° c), by 
x-ray diffraction photographs, not tridymite as would have 
been expected from the phase diagram. This anomalous 


60 


+ 
wn 


Rate of crystal growth (j)/min) 


900 1000 1100 1200 
Temperature (°C) 


Fig. 1. Relationship between temperature and rate of crystal 
growth for glass of composition 82 mol% SiOz, 18 mol% 
Na2O. 


Rate of crystal growth (1/min) 


900 1000 1100 
Temperature (°C) 


Fig. 2. Relationship between temperature and rate of crystal 
growth for glass of composition 81 mol % SiOz, 19 mol % 
Na20O. 
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behaviour is also found in Dietzel’s (Zschimmer 1929) work 
on Na,O-CaO-SiO, glasses. It was possible to measure the 
rate of growth of the secondary phase, sodium disilicate, in 
the case of glasses given in Figs 3, 4, and S. 

From data published by Lillie (1939) and by Shartsis, 
Spinner and Capps (1952), and from measurements made on 
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Fig. 3. Relationship between temperature and rate of crystal 
growth for glass of composition 79 mol% SiO2, 21 mol% 
Na20. 
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1000 


Fig. 4. Relationship between temperature and"rate of crystal 
growth for glass of composition 78 mol % SiOz, 22 mol % 
Na20O. 
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the rate of elongation of heated uniform fibres under knov) 
loads, it was possible to derive values of viscosity at temper 
tures within the devitrification range of the glasses studie) 
Littleton (1931) pointed out that, in the case of some of t 
glasses examined by Dietzel (Zschimmer 1929), the maximul] 
rate of growth of the crystal phase was approximately p 
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Fig. 5. Relationship between temperature and rate of crystal . 


growth for glass of composition 76-5 mol % SiO», 23-5 mol 
vA Na2O. 


ye 
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Fig. 6. Relationship between fluidity and maximum rate of 
crystal growth. 
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‘tional to the fluidity of the glass at that temperature. The 
ne relationship is found to hold in the case of the glasses 
died here (Fig. 6). 

None of the devitrification curves obtained in the present 
dy can be adequately described in terms of the empirical 
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g. 8. Comparison between Dietzel’s results and values 
ggested by the present study: e = values suggested by 
esent study, A O 0 = Dietzel’s results. 
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relationships established by Preston (1940) and Swift (1947b) 
and by Cox and Kirby (1947) for other glass compositions. 

A linear relationship was found to exist between the 
logarithm of the maximum rate of crystal growth and the 
reciprocal of the liquidus temperature (Fig. 7). The phase 
diagram showing the change in the liquidus temperature with 
composition for the system Na,O-SiO, has been published 
by Kracek (1939): therefore, if the empirical relationship 
shown in Fig. 7 is assumed to hold for glasses of higher silica 
content, the values of maximum rates of crystal growth can 
be predicted for Na,O-SiO, glasses containing the same 
amounts of Na,O as the Na,O-CaO-SiO, glasses studied by 
Dietzel (Zschimmer 1929). A comparison can be made 
between Dietzel’s results and those suggested by the present 
study, since these values can be regarded as end points on 
curves for Dietzel’s data plotted so as to show the change in 
maximum rate of growth of cristobalite with CaO content in 
his glasses. This is illustrated in Fig. 8. 


Conclusions 


The method described for measuring the growth of crystals 
in glasses was found to be very suitable for compositions in 
which homogeneous nucleation was rare, and where the 
viscosities in the devitrification range were sufficiently high 
so as to prevent flow of the glass. These properties are 
usually found in the case of commercial glasses, for which 
the method has been found suitable; and the fairly large 
sample used successfully eliminated the effects of small scale 
inhomogeneities. Empirical equations describing the varia- 
tion with temperature of the rate of crystal growth, which 
have been devised for other glass compositions, cannot be 
applied to the results obtained in the investigation. It was 
shown that for the glasses examined, the logarithm of the 
maximum rate of crystal growth varied linearly with the 
reciprocal of the liquidus temperature. This relationship, 
extrapolated to glasses of higher silica content, predicts 
results which can be compared with published work. 
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Abstract 


A convenient method for obtaining approximate solutions 
to certain types of boundary value problems in heat con- 
duction is by the use of convolution integrals. The method 
can be used when no analytical solutions exist, or when 
they are too complicated to apply. An advantage is that 
attention can be confined to the temperature variation at 
one point, say, on the surface, whereas finite difference 
methods require the temperatures over the whole field to 
be computed. In this paper surface temperatures are 
principally considered, and a table of the function required 
for computations relating to a cylindrical cavity is pre- 
sented. 


1. Introduction 


as part of a problem in mine ventilation being solved 
on a digital computer, the surface temperature as a 
function of time on a cylindrical cavity, convection and 
radiation taking place simultaneously into a medium of 
varying temperature, with time-varying heat transfer coeffi- 
cient. The problem of cooling by moisture evaporation, 
which involves a non-linear boundary condition, was also to 
be taken into account. The present method was devised and 
successfully used to solve problems of this type, where no 
analytical solution exists or where the analytical solution is 
too complicated to apply. It is based straightforwardly on a 
step-by-step application of a variant of Duhamel’s theorem 
(Carslaw and Jaeger 1959, p. 30), as follows: 
If 6 = k(x, y, z, t) represents the temperature at time ¢ in 
a solid, the initial temperature of which is zero, with the 
heat flux into the surface subsequently becoming unity, then 
the solution when the flux into the surface is a function of 
time f(t), is given by: 


S= time ago the author found it necessary to calculate, 


A(x, », z, 1) = IE Vita s kix,y,2z,)dA (A) 
Eqn (1) is the solution of the equation of heat conduction: 
00/d¢t = «V6 (2) 

where « is the diffusivity; for the boundary condition 
K(06/dn) = f(t) (3) 


for t > 0, where K is the conductivity, and the derivative 
is taken in the direction of the outward normal to the bound- 
ing surface. The initial temperature is zero everywhere. 
k(x, y, z, t) satisfies the same equation, with a unit function 
boundary condition: 

K(0k/on) = 1 (4) 
for t > 0. 
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The result above follows because f(t) can be continuou 
approximated by the sum of a sequence of step functid 
starting at successive intervals of time; an increment at til} 
t = X giving a solution k(x, y, z,t — A) multiplied by | 
amplitude of the step, {(df/dt)dt},;-,. These solutions « 
then be added, or integrated, (owing to the linearity of | 
equation), and the result is equivalent to Eqn (1). 

Carslaw and Jaeger (1959, p. 32) show that theorems, 
this type apply to a wider class of diffusion equation tk 
Eqn (2). Results of this type are well known in otf 
fields of physics and are not peculiar to heat conduct. 
problems. They are merely a special type of integral rep 
sentation arising from the resolution of the ‘input’ into 
sum of step functions, rather than, for example, the su | 

| 


harmonic terms or delta functions. This representatio 
very convenient because the integral is over a finite ra 
and the singularities are relatively mild. However, althov 
this is well known, the integrals do not seem to be used 
computations, partly because the usual statement of Duham 
theorems is in terms of some limited type of boundary ¢ 
dition, such as a linear radiation condition, and pa 
because, except in the case of heat flow in a plane half-sp 
the function k is difficult to tabulate. It will be shown t 
the expression in terms of flux at the surface enables probie 
involving a very wide class of boundary conditions, includ! 
non-linear radiation-type problems, to be computed. 

In the following section the process of calculation is il 
trated with reference to some problems of the half-space 4 
compared with known solutions, and in a later sect 
problems on the surface of a circular cylindrical cavity | 
considered, with a tabulation of the function appropriate, 
this case. Although possible improvements in the prod 
as presented are almost obvious, and can be drawn as requi’ 
from numerical integration techniques (Hartree 1958) 4 
the theory of the numerical solution of integral equatia 
(Fox and Goodwin 1953), stress is laid here on the simp! 
possible method, which will give quite satisfactory results 
many purposes. 


| 
| 


t) 


| 
il 
1 
ae 
if | 


if 


2. Heat flow in a half-space 


If the co-ordinate x is measured perpendicularly to } 
surface into the body, the function & required by Eqn | 
giving the temperature arising from constant flux into | 
surface, is (Carslaw and Jaeger 1959, p. 75): 


kK 1/2 
kx, ) = a) een ne ae 


— ix erf eee 
Bee 2 
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METHOD FOR CALCULATING BOUNDARY 
nfining the discussion to surface temperatures, we need 
KO, t) = k(t) = (2/K)(xt/m)!/? (6) 


the above, K is the conductivity and « the diffusivity of 
> solid. We write, conveniently, 


A4nt/7K* = + (7) 
k(r) = 71? (8) 


has dimensions (flux) ~?), and Eqn (1) becomes 


that 


= d(All 4 
y= le ft — No (9) 
vere 6(7) represents the surface temperature. With a view 


rticularly to obtaining a procedure suited to the cylindrical 
se, we shall not evaluate the derivative in Eqn (9), but 
lace the integral by its simplest possible finite difference 
rm, using only the first differences, with a basic time 
erval dT: 


= Yi Ins 1As(7'") (10) 
lere f=3G_1+f/ (11) 
A,(7'?) = (rd7)'/2 — {@ — 1)67}1/. (12) 


in (12) is simply a table of the first differences of 7!/2 
and 6, are the values of the flux and surface temperature at 
ne rot, at the ends of the rth interval. The formula is 
act when f is constant over each interval. d(A‘/)/dA is 
inite at A = 0, but this does not cause the representation 
)) to break down, provided that f can reasonably be repre- 
ited by its mean over the nth interval. 

To test the adequacy of Eqn (10), when the flux given is 
a function of time, a comparison of the exact with the 
proximate solution is given in Table 1, for !(7) =7!/2, 
und 73/, In these cases, the fractional error is independent 
the size of the interval and depends only on the number of 
ps taken. The interval chosen here is 67 = 0°1. 
Problems would not often occur in which the flux was 
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the surface temperature of a plane half-space, initially at 
zero, receiving radiation from a medium at unit temperature. 
The exact solution (Carslaw and Jaeger 1959, p. 72), is 


Ar) = 1 — exp (47h?7) erfe {(Aarh?7) 1/2} (13) 
where / is the heat transfer coefficient, defined by: 
flux into surface = h{1 — 6(7)}. (14) 


(This differs from the definition of h given by Carslaw and 
Jaeger.) 

Since @ appears linearly, the Eqns (10) form a set which 
can be solved recursively, as follows. (This method was 
pointed out by Mr. E. L. Albasiny; the work had previously 
been done by the approximate methods described later.) 
Substituting for f into Eqn (11), by means of Eqn (14), we 
obtain 


tn 46,4 — 48,) 
and Eqn (10), for n = 1, becomes, since 6) = 0, 
0) =n oN 
or 6, = hA,/C + 4hA)). (15) 


Eqn (10), with n = 2, gives 
0, =f,A, + fA; 
so that, substituting for f, and f, and solving for 63, 
Bani CAn Ae) ere CA ASC ey 


and soon. The solution for 6,, when 6, .. . 4, ; are known, 


6, = AS, INT s 6 Ave 40. A/a tA) 
s=1 Se 

where 6. =10_,+86,). (17) 

Also > Ae (no7z)! 2 


s=1 


by the definition of A,(7!/*). 


Table 1. Comparison of theoretical with calculated surface temperatures of a plane when the flux is given 
f(t) = tH/2, O(z) = ant F(x) =, O(t) = 4373/2 f(t) = 73/2, O() = 372/16 
T Calculated Theoretical Percentage error Calculated Theoretical Percentage error Calculated Theoretical Percentage error 

0 0-000 0-000 0-000 0-000 0-000 0-000 

0-1 0-050 0-079 36-6 0-016 0-021 UBSO%s 0-005 0-006 16-6 
0:2 0-141 0-157 10-2 0-053 0-060 iley 0-021 0-024 IES) 
0:3 0-223 0-236 Si 0-104 0-110 2D 0-050 0-053 Sia, 
0-4 0-304 0-314 2) 0-163 0-169 3305) 0-090 0-094 4-3 
0-5 0-383 0-393 Drs) 0-230 0-236 Dies 0-142 0-147 3-4 
1-0 0-779 0-787 1-0 0-661 0-667 0:9 0-581 0-589 1-4 


en as a function of time, and this illustration is presented 
exhibit the order of accuracy provided by the formula (10). 
r many purposes it appears that satisfactory accuracy 
sht be expected after about five steps, provided that the 
x did not vary too rapidly. 

The method will now be tested in a problem where neither 
x nor temperature is known in advance. We shall calculate 
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Table 2 compares the values of 6, given by Eqn (16) 
{which are exact solutions of the difference Eqns (10) 
representing the integral Eqn (9)}, with the theoretical 
solution, Eqn (13), in the special case h = 0-5, using an 
interval 5+ = 0-1. It can be seen that, even with a totally 
unrefined procedure, the accuracy is very satisfactory after 
the first point. 
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Table 2. Accuracy of the finite-difference method for a radiation problem, with h = 0°5 


li 1) 0-1 On 

6 from Eqn (16) 0:0000 0: 1465 0-1920 
6, theoretical 0 -0000 0- 1408 0-1895 
Error 0-0000 0:0057 0-0025 


We may suppose that the heat transfer coefficient / varies 
with time, and the temperature from which radiation is 
taking place also varies with time. Then no analytical solution 
exists, but the integral equation (9) still holds, with its finite- 
difference approximation (10}, and once again the difference 
equations arising from Eqn (10) can be solved recursively. 
If we call the temperature of the radiating medium f(T), and 
put 


(18) 
(19) 


f(rdt) = ¢,, h(rdt) = h, 
Je = hd, < 6,) 


into Eqns (10) and (11), then the first equation becomes 


and substitute 


1 =fiAr = fo + Av(hy — A)jA, 
from which 

0, = (fo + 4o)/ + 44, A)) (20) 
WHS Hi OS UNS HA Be ie G =O, AOR 7 = 23.5 Sue 


cessively, 


6, 2S ( dfn s+s ti afi a Wn, A/C = $h,A;) 
(21) 


where all the f’s in the equation are known. 

When the relation defining the flux is not linear in the sur- 
face temperature 0, the difference equations cannot be solved 
explicitly. This may occur, for example, if the radiation 
takes place by Stefan’s fourth power law, or if the extraction 
of heat is by evaporation of moisture. We may then attempt 
to obtain an approximate solution by other methods. With 
an eye to the cylindrical case, considered later, the methods 
will be kept as simple as possible. 

Unfortunately, the author does not know of any non- 
linear problems of this type which have been solved, so in 
order to get a comparison with theory, the methods will be 
illustrated by the simple radiation problem above, with 
solution (13). All that is required for application to any 
other problem is to know the flux numerically as a function 
of surface temperature: for example, by a relation such 
as Eqn (19), or by one defining the rate of evaporation of 
moisture from the surface. 

We again choose for the example 4 = 0:5 and 67 = 0°1. 
Assuming that the surface temperature at the end of the 
first interval has not changed very much from zero, we may 
guess that the mean flux over this interval is approximately 
equal to h (equals 0-5). This provides the first entry in a 
column for f. Then f,A, ~ @,, the temperature at the end 
of the first interval. To calculate 65, f; is needed, but is not 
available, so we may try using f,, the value at the end of the 
first interval: 


0, ~ fA, + fidy 


where Si = ill —6,). We continue in this way, using 
fis far+++Sns J, to calculate 6, .,, and using the flux Vees 
=h(1 — 6,44) to obtain f,.;. The working is shown in 
Table 3, with the theoretical values for comparison. These 
results are recognizable as first approximation to the 
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OS 0-4 OF 0-6 0:7 

0-2260 022551 O-2757 02952 0-312) 
0-2243 0-2515 0-2742 0-2940 0-311} 
0-0017 0-0016 0-0015 0-0012 0-001. 


solutions of the difference equations (10), and an iterat 

procedure may be used to improve on these values to scl) 
extent. At the end of the first interval we have an estim 
of f,, which gives an improved estimate of f;, previou 


Table 3. Calculation of surface temperatures for radiaté\y 
into a half-space; h = 0-5 


o ra if 9 estimated theoretical erra 
0 0-5000 0-0000 0-0000 
0-5000 | 
0-1 0-4209 0-1581 0-1408 0:0 
0:4108 
0:2 0-4008 0-1985 0-1895 0-0 
Oso 
Ne} 0-3846 0-2308 0-2243 0-0 
0-3782 
0-4 O23 707; 0-2567 Oe25I5 0-0 
0-3662 
O25 0-3609 0-2787 0-2742 0-06 
0-3560 
0-6 0:3512 0:2977 0-2940 0-00 
(We 7/ 0:3146 Osi 2 0-0 


guessed to be fA. This mean can now be used to obtain 
better value of 6,, and hence of f,; and f,, and the process} 
repeated until two successive values differ by a small amo 
The improved accuracy is exhibited in Table 4, where thit® 
iterations were used at each step, and may be compared 
the results of Table 2. 


Table 4. The radiation problem of Table 2, using three 


iterations 
T 0 Ost 0-2 0:3 0-4 
6 estimated 0-0000 0:1465 0:1922 0:2259 0-2526 
@ theoretical 0-0000 0:1408 0-1895 0:2243 0-2515 
Error 0-0057 0:0027 0-0016 0-O011 


The process converges to the true solution of the cor 
sponding difference equation provided that 4 hA, < 1, aj 
the error per step is reduced by a factor of 4hA,. If 
heat transfer coefficient varies with time, as in Eqn (19) t 
corresponding parameter is +/,,A,. 

(It has been pointed out by Mr. E. L. Albasiny that tli 
iterative method is not necessarily the most efficient, and thf 
where the flux is given analytically as a function of 8, as, } 
example, by Stefan’s law, so that explicit differentiation} 
possible, Newton’s method (Hartree 1958, p. 215) will oi 
more rapid convergence to the solution.) 

A further simplication will be noted here. It will r 
always be convenient to keep to the same interval, and if 
solution settles down to a slowly varying function of ti | 
the operator will naturally increase the interval. Moreovef} 
the flux history in the remote past is of less importance, a | 
as the solution advances it will be found possible to increa 
the interval relating to the more distant parts of the sui 
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ition, Eqn (10), while retaining smaller intervals for the 
yre recent section. 

Tests of these methods, used with obvious modifications, 
ere surface temperature is presented and it is required to 
d the flux or when the type of boundary condition changes 
some moment, have proved equally successful. 


3. Surface temperatures in a cylindrical cavity 


The methods described above were originally used for 
oblems in a cylindrical cavity, in connection with a study 
mine ventilation mentioned in the Introduction. Analytical 
utions to problems in the cylindrical co-ordinate system 
> of a different order of difficulty from plane problems. 
here they exist, they are almost always of very complicated 
‘m, involving infinite integrals or summations over expres- 
ns involving Bessel functions, requiring a great amount of 
merical work in tabulating the results. On the other hand, 
> numerical form of the solution is no more complicated 
in in the plane case and the present method can be expected 
work equally well. 

We wish to solve the following problem: 


026 A 00 100 ; oD 
Sey er 22) 
the region 
r2a 


ere a is the radius of the cavity; with the initial temperature 
o, and the boundary condition for ¢ > 0 given in terms of 
‘flux f(t) into the surface: 


— K(00/dr) = f(t) at r =a. (23) 


As in Section (1), we solve the problem with the boundary 
dition f(t) = 1 and construct from it the convolution 
egral defining O(r, #). It is convenient to use dimensionless 
‘ameters 


teehee) —=Aaft) ack 


1 we obtain (Carslaw and Jaeger 1959, p. 338) for the 
face temperature, which is of chief interest here, 


(24) 


i COVEN 
han =O) = | Fr — A) 510d (25) 
“{1 — exp (— wT) }dw 
2 =e 26 
re I(T) l w3{F2(w) a Y2(w)} ( ) 


> function /(T) is the analogue of 7!/? which appeared in 
plane case. 
‘or smaljl intervals of time, 


) ~ 2-7842T'/2 — 1-2337T + 0-6961T3/? 


— 0:4626T2 + 0:3654T7/2 — 0-3494T3 (27) 


first term being identical with the function for the plane 
>; and for large intervals of time (Carslaw and Jaeger 1959, 
39), 


I(T) ~ 4770n 4T — y) (28) 
re y = 0:°57722, which is Euler’s constant. 

0 use this function in calculations it was necessary to 
vide an adequate tabulation, and this is presented in the 
yendix, together with its first differences and its first 
vative. 
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As in the plane case, Eqns (10) and (12), we have 


he SF an (29) 
Sel 


where AAI(T)} = 1(r6T) — I{(r — 1)8T}, (30) 


and OT is the time interval chosen for a particular problem. 
The methods available for solving problems of the cylindrical 
cavity are then exactly as for the plane case. 

It is important to be able to choose the interval 57 correctly, 
and we show how this may be done by comparison with the 
plane case ina radiation problem. The difficult part, requiring 
the smallest interval, is the very early stage of the problem, 
when temperatures vary most rapidly. During this stage the 
plane and cylindrical solutions will not be very different, 
and the physical time intervals suited to each case, when the 
transfer coefficient h is the same, will be closely similar. The 
solution, Eqn (13), to the plane problem depends only 
on the function (corresponding to the time variable), 


p= Laoth?t = h?Kt/K2. (31) 


We can, therefore, reformulate the plane radiation problem 
and its numerical solution as follows: Define a dimensionless 
flux such that 


P(u) = 2f(t)/m'!7h (32) 
at corresponding values of sx and ¢. Then comparing 
Eqns (31) and (32) with Eqns (9) and (14), we have in the 
new variables: 


U 1 
Ou) = I, p(e — v) 5 wv, (33) 


P(e) = (2/7"/?){1 — Op}. (34) 


Eqns (33) and (34) embrace all such radiation problems for 
the plane, and the solution is 


O(j) = 1 — exp (4) erfe (y14/). (35) 


Returning to the corresponding cylindrical problem, with 
time variable T = «t/a, and transfer coefficient H = 4ah/77K, 
so that 


F(r) = Hil — T)} 


we have pe = de HAT. (36) 
To determine the interval required to provide given accuracy 
in the cylindrical problem after some point T = To (where 
Tp is small), it is simply necessary to test what interval is 
required in the problem defined by Eqns (33) and (34), for 
the plane case, using the methods of Section 2, to provide 
similar accuracy at lg = 7s7*H*Tp. If this interval is dy, 
the appropriate value of 87 = 16dyu/7+*H?. Since the 
numerical method is very simple and independent of any 
physical constants, this test is easy to apply. 

It may happen that for large values of H, the earliest 
interval in the table of /(T), tabulated for 6T = 0-1, is too 
large to start the integration. In that case the expression (27) 
is available, which agrees with the tabulated value at T = 0-1, 
and may therefore be used to interpolate the table for smaller 
values of 7. The radiation problem discussed above, 
involving rapid temperature change at the start, is, in fact, a 
very stringent test of the method, and for slowly varying 
conditions much larger intervals can be used. 

It appears also that small intervals need not be taken over 
the whole range. Once the steep part of the curve is sur- 
mounted, the numerical solution soon settles down to 
correct values. This point is illustrated by the Figure, which 
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Illustrating the approach of the numerical solution to the true 
solution for different intervals. The problem is of radiation 
into a cylindrical cavity with heat transfer coefficient 0-5 
(unrefined process). 
—— theoreticalcurve. O 0T=0°1 
+ 6T=0-4 


Od 1 ew 


exhibits solutions of the above cylindrical radiation problem 
calculated for different intervals, for a value h = 0-5. The 
rough method illustrated in Table 3 was used. 


4. Conclusion 


The method described for calculating surface temperatures 
in boundary value problems of the cylindrical cavity and the 
plane could also be extended to solid cylinders and spheres, 
and to the calculation of temperatures inside the medium, 
all that is necessary being the tabulation of the required 
functions, which are well known. Refinements in the pro- 
cedure can be designed to suit particular problems, and a 
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great improvement in accuracy can be achieved, for examp| 
by writing in the cylindrical case, for small values of 7, | 


I(T) = 403?T12 + g(T) 


where g(T) is a slowly varying function. If F(T) is ai 
found to be slowly varying over this range it may then | 
replaced by an interpolation polynomial. The integratil| 
over the first term in Eqn (37) is performed analytical 
and over the second term numerically. However, for mq 
problems, particularly if a computer is used, it is eas} 
merely to take smaller intervals. 
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— exp (— W?T)}dw 


Table of I(T) = i 
0 


This integral represents 7K/4a times the surface temperature due to unit heat flux into the surface of a circular cylindr 
It is represented asymptotically for small values of T by 


I(T) ~ 2-7842T'/? — 1-2337T + 0:6961T3/2 — 0-46267T2 + 0-3654T5/? — 0-3494T3, 


The derivatives presented were obtained from the tabulation by standard formulae (Hartree 1958), and the ear} 


cavity. 


values are not thought to be reliable to the last figure. 


I(T) and associated quantities: T = 0 (0-1) 2-0 


ae I(T) A{T(T)} dI/dT 
0 0-0000 

0-7753 

0-1 Weiss} 3-4204 
OSS 

0:2 1-0468 2:2147 
0-1929 

0-3 1-2397 1-6979 
0:1535 

0:4 1-393] 1:3955 
0-1289 

0:5 1-5220 1-1948 
0-1119 

0:6 1 -6339 1-0499 
0-0992 

0-7 e832 0-9395 
0:0894 

0:8 1-8226 0:8522 
0:0816 

0:9 1-9041 0-7811 
0-0751 

1-0 1-9792 0:7221 
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witJiw) + YP0w)} 


T I(T) A{I(T) dI|dT 

0:0696 

hel 2:0489 0-6720 
0-0650 

2 2-1138 0-6289 
0:0610 

13 2-1748 0:5916 
0-0575 

1-4 22323 0-5586 
0-0544 

les 2:2867 0-5294 
0-0516 

16 273383 0-5034 
0:0491 

ILo7/ 2°3874 0-4799 
0:0469 

1-8 2:4343 0-4588 
0-0449 

1-9 2°4792 0-4394 
0-0430 

Di) ip Sy 0-4218 
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I(T) and associated quantities: T = 0 (0-5) 20 


Ip I(T) A{I(T)} dl/dT le I(T) A(T); dl/dT 
0 0-0000 

1-5220 0-0521 

0:5 15220 1-1948 10:5 4-1256 0: 1020 
0-4572 0:0499 

L3@ 1-9792 On7221 11-0 ASWTSS 0:0978 
0-3075 0-0479 

EES 2-2867 0-5294 11-5 4-2234 0-0939 
0-2356 0-0461 

2:0 D223 0:-4218 PAY) 4-2695 0-0903 
0- 1924 0:0443 

2:5 2:-7146 0-3522 (Pes: 4-3138 0-0870 
0-1632 0-0427 

3-0 2°8778 0:3031 BO) 4-3566 0-0840 
0-1420 0-0413 

3°5 3-0198 0-2665 [ie 5} 4-3978 0-0811 
0-1259 0-0399 

4-0 3-1457 0:2381 14-0 4-4377 0-0784 
0-1132 0-0386 

4-5 3-2589 0-2154 A 4-4763 0-0760 
0-1029 0-0374 

5-0 BBO, 0-1967 15-0 4-5137 0-0736 
0-0944 0-0363 

Sy) 33-4561 0-1812 L5yoos 4-5499 0:0714 
0-0872 0-0352 

6-0 3-5433 0: 1679 16-0 4-585] 0-0694 
0-0810 0-0342 

625 3 -6243 0-1565 16°5 4-6193 0-0674 
0-0757 0-0332 

Fe, 3-7001 0- 1466 17-0 4-6525 0-0656 
0:0711 0-0323 

ES Bi ile 0-1379 Wes 4-6849 0-0638 
0-0670 0-0315 

8-0 3-8382 0-1303 18-0 4-7164 0-0622 
0-0634 0-0307 

8:5 3-9015 0-1234 18-5 4-747] 0-0606 
0-0601 0-0299 

9-0 3-9617 Qe ile 19-0 4-7770 0:-0591 
0-0572 0-0292 

925) 4-0189 ORIN ies 4-8062 0-0577 
0-0546 0-0285 

10-0 4-0734 0: 1066 20-0 4-8347 0-0563 
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Abstract 


When the rays emerging from a Jamin interferometer are 
reflected back through the instrument, fringes similar in 
appearance and behaviour to three-beam fringes are 
obtained. These fringes can be used to measure small 
angular displacements of one of the beam-dividing plates, 
with an accuracy of the order of 0:01". A modified set- 
up is also described with which angular displacements of a 
comparatively light, auxiliary mirror can be measured 
with the same degree of accuracy. 


Introduction 


HE application of the principal of three-beam inter- 

ference (Zernike 1950, Hariharan and Sen 1959) to 

obtain increased accuracy in measurements of small 
angular displacements has been discussed by the authors in 
an earlier paper (1959b), in which a three-beam interferometer 
modified for such measurements was described. 

More recent work by the authors (1960) now shows that a 
system of fringes, similar in appearance and behaviour to 
three-beam fringes, can be obtained by reflecting the rays 
emerging from a conventional Jamin interferometer back 
through the instrument. This may be briefly termed ‘double- 
passing’ the interferometer. The application of these 
‘double-passed’ fringes to the measurement of small angular 
displacements is described in the present paper. 


Optical system 


The optical system of the double-passed Jamin interfero- 
meter is shown schematically in the horizontal plane in 
Fig. 1. The two beam-dividing plates M,, M, one of which 
(say, M>) is the moving element, are identical, optical glass 
blocks, the faces of which have been worked plane and 
parallel. Their inner faces are coated with a 4/4 film of high 
refractive index giving a reflection coefficient of nearly 35%, 
and part of the outer faces (shown by thick lines in the 
diagram) is coated with an opaque, fully reflecting film of 
aluminium. The two beams which normally emerge on the 
right-hand side are reflected back through the instrument 
once again by the plane mirror M3, and the double-passed 
fringes are viewed by means of the semi-reflecting mirror M4 
and the low-power telescope T. 


Theory 


The theory of the double-passed Jamin interferometer has 
already been derived for the case when the two beam-dividing 
plates M,, M; are parallel in the horizontal plane (Hariharan 
and Sen 1960). In this section consideration is given to 
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Schematic diagram of the optical system of t 
double-passed Jamin interferometer. 


L, mercury arc lamp; G, green filter; M1, Mz, beam-dividin}y 
mirrors; M3, plane mirror; Mg, semi-reflecting mirror; Sy, Sz 
stops; S, air-cell compensator; T, viewing telescope. 


Fig. 1. 


what happens when M, is rotated through a small angle 
in the horizontal plane with respect to M;. 

From Figs 2(a) and (4), it is seen that the total opti 
paths of the four double-passed rays, which are formed | 
the division of any single incident ray, can then be expres#! 
by the relations 


D44 = D+ 2p + 2ndcos B’{cos (8 + a’) + cos (8 — «’)} 
Dz = D +p + 2ndcos(@ + x’){cos B’ + cos (B’ + AB) 
Dg4 = D + p + 2ndcos(0’ — «’){cos B’ + cos(B’ + AB) 
Dzpz = D + 2ndcos(P’ + AB’){cos (8 — «’) -+ cos (6 4 x’) 


where d is the thickness of the interferometer plates, 7 is. 
refractive index of the material of which they are mai 
0 = (O/n), «’ = (&/n), sin B’ = (1/n) sin B, sin (p’ + M 
= (1/n) sin (8 + AB), and p is the additional optical pf 
introduced by a compensator located in one of the paths. 
shown in Fig. 1. If one takes cos Af’ = 1, and sin AB’ = 
to a first approximation, Eqns (1) to (4) can be rewritten! 
the form 


Dag = Do + p + 2nd AP’ sin B’ cos 8’ cos «’ 


Dag = Do — 4nd cos Pf’ sin 0’ sin a’ 
+- 2nd AP’ sin f’ sin & sin a’ 


Dpa = Do + 4nd cos Pf’ sin 6 sin «’ 
— 2nd A’ sin Pf’ sin & sin &’ 


Dgp = Do — p — 2nd AB’ sin B’ cos & cos &’ 


where 


Do = D + p + 4nd cos B’ cos & cos «’ 
— 2ndAf’ sin B’ cos & cos a’. 
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(b) 


. 2. Schematic diagram showing the paths of the rays in 
the double-passed Jamin interferometer. 


(a) in the horizontal plane; (4) in the vertical plane. 


ote: the angle of incidence of the ray and the tilt of the 
tes M;, Mo in the vertical plane have been considerably 
exaggerated.) 


e complex amplitude Ap at the corresponding point in 
nterference pattern is equal to the sum of the complex 
itudes of these four beams, and can be written as 


= A exp {— (27i/X) Do\ [exp {— i(d + 5)} + 
+ exp i (2% — Ax) + exp {— i(2% — Ay} + 
+ exp i(@ + d)}] ©) 


e A is the amplitude of a single beam, ¢ = (277/A)p, 


8 = (27/A)2ndAP’ sin B’ cos 0’ cos &’, 
ys = (277/A)2nd cos P’ sin & sin x’, 
As = (277A) 2nd Af’ sin B’ sin @ sin &’, 


at the intensity Jp at this point, which is obtained by 
lying Ap by its complex conjugate, is given by the relation 


= Ap. Ap* = 4Ip{cos (¢ + 8) + cos (245 — Ays)}? (10) 


> I) ( = A?) is the intensity due to a single beam. 
y slight rotation AB of M,j in the horizontal plane results 
wily in a change in the quantity 6 in Eqn (10) and, 
fore, in a change in the intensity distribution in the 
»system. The distance between adjacent fringes is 
by the condition (2% — Ay) = 27. Rotating M, by 
ile Af in the horizontal plane also results, therefore, 
small change in the fringe spacing. However, this 
re is negligible under normal conditions and has no 
on the photometric setting. 
can be seen from the theoretical intensity distribution 
s in Fig. 3 and the photographs in Fig. 4, alternate 
§ are suppressed when (f + 6) =nz. Al the fringes 
the same intensity only when (f + 5) = (2n + 1)7/2. 
‘dingly, this criterion can be used as a sensitive null 
g to measure small changes in the angular position of 
| the horizontal plane. 
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ttp/lo 


(6+ 9)=2nTT 


TT Zit 3177 


Fig. 3. Theoretical intensity distribution in the interference 
pattern obtained with the double-passed Jamin interferometer 
for various values of the phase-difference between the beams. 


(a) (6) (c) 


Fig. 4. Interference patterns obtained with the double-passed 
Jamin interferometer for various values of the phase difference 
between the beams 


(a) 6 + 6 = 2nz. 
(b) 6 + 6 = (Qn + 1)z/2. 
(c) 6+ 6 = (2n + 1)z. 


Sensitivity 


The phase difference 6, introduced between the single- 


passed beams by a small angular displacement Af of Mb), 
is given to a first approximation by the relation 


5 = (27/A) 2nd AP’ sin f’ (11 
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which, as shown earlier (Hariharan and Sen 1959b), is a 
maximum when f is given by the equation 


sin? B= 7? — nn? — 1172 


that is to say, when f is about 50° for a plate of refractive 
index n =1-5. For a 2°5cm thick plate, 6 = 27 when 
AB = 5:7”. Since a change in (¢ + 8) of 27/500 can be 
detected in this interferometer (Hariharan and Sen 1960), 
it should be possible to detect an angular displacement of 
M, in the horizontal plane of about 0:01”. 

As with the three-beam interferometer (Hariharan and 
Sen 1959b), the readings obtained with the double-passed 
Jamin interferometer are relatively insensitive to small 
angular displacements of M, in the vertical plane and are 
completely unaffected by a linear translation of M). In 
addition, the angle which M, makes with M, in the hori- 


(12) 


a set of measurements carried out on the main slide ay} 
precision universal measuring machine is described. {t 
The experimental arrangement used for these measujj 
ments is shown in Fig. 5. One of the beam-dividing mirr 
M, was clamped to the movable carriage of the measu 
machine, while the other beam-dividing mirror M, and |p 
plane mirror M3, used to double-pass the interferome}}] 
were supported by blocks of suitable height mounted on- 
bed of the instrument. The auxiliary semi-reflecting mir 
My, the viewing telescope T and the compensating cel 
were carried by stands mounted on two accessory bars. ‘Ij 
air pressure in the compensating cell was varied by me} 
of a piston P controlled by a micrometer screw and r 
with a mercury manometer G and a travelling microscope 
The preliminary adjustment of the interferometer ¥f 


carried out in two stages, using a white light source. In }j 


Fig. 5. 


Experimental arrangement used to check the straightness of the main slide of a universal measuring machine. 


L, mercury arc lamp; Mj, Mo, beam-dividing mirrors; M3, plane mirror; M4, semi-reflecting mirror, T, viewing telescopa#i 
S, air-cell compensator; P, micrometer piston; G, mercury manometer; R, travelling microscope. . 


zontal plane can be made as much as +2° before any lack of 
uniformity of the field becomes apparent. This is because 
the AA and BB rays in this instrument are always coincident 
and centred with respect to the AB and BA rays to a first 
approximation, when the angle which these rays make with 
the normal to M; is small. As a result, this interferometer 
is very easy to handle, and its adjustment is not at all critical. 


Applications 


While several applications can be envisaged for the double- 
passed Jamin interferometer, one application for which it is 
particularly suitable is to measure the deviations from 
straightness of a precision slide. For this, one of the beam- 
dividing mirrors is mounted on a carriage, and the changes in 
the angular position of this mirror as the carriage is moved 
along the slide are recorded. The deviations of the slide 
from a straight line are then obtained by integrating these 
readings in the same fashion as when measurements are 
carried out with a reference mirror and an autocollimating 
telescope (Habell and Cox 1948). To illustrate the method, 
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dividing plates M,, M, were adjusted according to the us}! 
procedure for a conventional Jamin interferometer, so t 


first instance the mirror M3 was removed, and the 
an eye placed behind S, could see a system of coloured ‘ 


) 
zontal fringes centred about the white zero-order fri H 
After this, the mirror Mj was replaced and set so that | 
beams emerging from the interferometer were reflected bith 
through the instrument along the same path. This adj 
ment was checked by viewing the double-passed fri 
through the telescope T and verifying that the central fri 
in the double-passed fringe system was the zero-order wiht 
fringe. Finally, the white light source was replaced by a le 
pressure mercury vapour lamp. 

The results obtained with this set-up are presented in Figs 
which shows the changes in the angular position of | 
carriage in the horizontal plane as it was moved along | 
slide, first in one direction, and then in the reverse directit)! 
Two sets of measurements made on different days are al 
sented. As can be seen, the two sets of readings agree# 
within +0-04 second of arc. The major part of this und#} 
tainty is probably due to the variable thickness of the } 


j 
‘ 
, 
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s on the different parts of the slide. The curves show that 
r a range of 20 cm the carriage turns through an angle of 
66 second of are for every centimetre by which it is 
anced. This indicates that the slide is actually an arc of a 
le of radius equal to 31-3 km, corresponding to a maxi- 
n deviation from a straight line of about 0-16 1. over 
m. It is also apparent from these curves that the carriage 
the measuring machine turns through an angle of 
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ig. 6. Variation in the angular position of the carriage (in 


e horizontal plane) with longitudinal displacement along the 
slide. 


second of arc when its direction of movement is reversed. 
ne case of two points where the x coordinates are separated 
20 cm, this could result in an error of as much as 0°8 yu 
1e y coordinates. 


Modified double-passed Jamin interferometer 


or problems in which it is not possible to use one of the 
n-dividing mirrors as the moving element, because of its 
and weight, the modified interferometer described in this 
ion will be found quite useful. In this instrument, a single 
k, plane-parallel plate M, is utilized in conjunction with 
wuxiliary plane mirror Mb), the light paths being folded 
hown in Fig. 7. One face of M, is coated with a semi- 
cting film, while the other has an opaque reflecting strip 
n the middle, so that one end of it is used to divide the 
jent light into two beams and the other end is used to 
mbine them (Wolter 1955). The auxiliary mirror M, 
ch is the moving element in this case, can be fairly small 
ut 2cm x | cm) and comparatively light. The beams 
rging from the interferometer are reflected back through 
instrument once again by the plane mirror M3, and the 
dle-passed fringe system is viewed, as before, by means 
1e low-power telescope T. 

deriving the theory of this interferometer we assume 
M, and M,j are initially adjusted so that they are parallel 
1e horizontal plane, but that M; makes a small angle « 
M, in the vertical plane, as shown in Fig. 8(a), and that 
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Fig. 7. Schematic diagram of the optical system of the 
modified, double-passed Jamin interferometer. 


L, mercury arc lamp; G, green filter; M;, beam-dividing 

mirror, M2, movable plane mirror; M3, plane mirror; Mg, 

semi-reflecting mirror, S;, S2, stops, S, air-cell compensator, 
T, viewing telescope. 


M; is adjusted so that it is parallel to M, in the vertical plane. 
Any ray which is incident normally on M3, and which is 
therefore reflected back along the same path, will be termed 
a principal ray. As before, the angle of incidence of the 
principal ray on M, in the horizontal plane is assumed to be f. 

When M, is rotated through a small angle AP about a 
vertical axis, the angles of incidence of this ray on M, in the 
horizontal plane will be changed as shown in Fig. 8(b). The 


Fig. 8. Schematic diagram showing the paths of the rays in 
the modified double-passed Jamin interferometer. 


(a) in the vertical plane; (5) in the horizontal plane. 


(Note: the angle of incidence of the ray and the tilt of M, in 

the vertical plane, and the angle through which M> has been 

turned in the horizontal plane, have been greatly exaggerated 
for clarity.) 
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angle of incidence on the outward journey after reflection at 
M, will become 8 — 2A, while the angles of incidence on 
the return journey, before and after reflection at M) will 
become B + 2Af, and B + 4Af respectively. Since AB 
is a very small angle, the corresponding angles of refraction 
within the plate can be written as B’ — 2Af’, B’ + 2A’ 
and B’ + 4Af’ where sin 8 = nsin f’. 

The optical paths of the four double-passed rays are then 
given by the relations 


D4, = D + 2nd cos PB’ cos (0’ — x’) 


+ 2nd cos (B’ + 4AB’) cos (8’ + «’) (13) 
Djp = D + 2nd cos B’ cos (8’ — «’) 

+ 2nd cos (B’ + 2AB) cos(0’ — a) +p (14) 
Dg4 = D + 2nd cos (B’ — 2AB’) cos (0’ + x’) 

+ 2nd cos (B’ + 4AB’) cos (8 + «) +p (15) 
Dzgp = D + 2nd cos (B’ — 2A’) cos (’ + «) 

+ 2nd cos (B’ + 2AB cos (0 — a’) + 2p (16) 


where d is the thickness of M,, and p is the additional optical 
path introduced by a compensator located in the region 
between the plates M,, M, as shown in Fig. 5. 

Since AP’ is a very small angle one can take cos 2A’ 
= cos 4Ap’ = 1, and sin 2Ap’ = 2A’, sin 4AB’ = 4A8’, 
so that Eqns (13) to (16) can be simplified and rewritten as 


D44 = Do — 4nd AB’ sin B’ cos & cos «’ 


+ 8nd Af’ sin f’ sin @’ sin «’ — p (17) 
Dap = Do + 4nd cos f’ sin 0” sin a’ 

— 4nd Af’ sin B’ sin @ sin «’ (18) 
Dpa = Do — 4nd cos f’ sin & sin «’ 

+ 4nd AP’ sin f’ sin & sin «’ (19) 
Dpp = Do + 4nd AB’ sin B’ cos 0 cos «’ 

— 8nd Af’ sin B’ sin 8 sin «’ + p (20) 


where 


Dy = D + 4nd cos f’ cos & cos a’ 
— 4nd Af’ sin B’ cos & cos a’ + p 


When these four rays are brought to a focus by the tele- 
scope T, the complex amplitude Ap at the corresponding 
point in the interference pattern will be equal to the sum of 
the complex amplitudes of these four beams. Accordingly, 
one can write 


Ap = Aexp — (2m7i/A) Do[exp i(25 + 4 — 4A) 
+ exp {— i(2h — 2Ay)} + exp 12% — 2A) 
+ exp {— i(26 + ¢ — 4Ay)}] 


(21) 


where A is, as before, the amplitude of a single beam, 


p = (27/A)p, 6 = (277/A) 2nd AP’ sin B’ cos & cos x’, 
yb = (27/A) 2nd cos P’ sin 0’ sin «’ 
Ay = (27/A) 2nd AB’ sin f’ sin 0 sin &’. 
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The intensity Jp at this point is obtained by multiply all 
Ap by its complex conjugate and is given by the relation 


Ip = Ap. Apt 1 
= Alg{cos (28 + 6 — 4A) + cos (2 — 2Ap}? G 


where Jo(— A?) is the intensity due to a single beam ¢ | 
since Ay; is usually negligibly small in comparison with 6, 


Ip = Alpfcos (28 + 4) + cos (2% — 2A}. C} 


As can be seen from a comparison of Eqn (23) wi) 
Eqn (10), the intensity distribution in the fringe syste 
obtained in this interferometer is similar to that obtain 
with the double-passed Jamin interferometer described in t 
previous section, and the same photometric setting can 
used with it as well. Since the phase difference introdu 
between the beams by a given rotation of the detecti 
element in this instrument is twice as great as that in t 
instrument described in the preceding section of this pap 
the sensitivity of this interferometer should be corresponding 
higher. However, this is partly off-set by the fact that 6, t}) 
angle of incidence of the rays in the horizontal plane on th 
beam-dividing plate M,, must be kept lower than the vail 
for maximum sensitivity, if the plate M, is to be of reasonal} 
size. 

A minor disadvantage of this interferometer is the fe} 
that the maximum permissible angular displacement of | 
is rather limited. As can be seen from Eqns (17) and (2/)) 
when the angular displacement Af of M, in the horizon} 
plane is not equal to zero, the expression for the pd 
difference between the AA and BB rays contains a term wh 
depends on 6, the angle of incidence in the vertical plat 
Consequently, the extent of the field around the centre (9 = 
which can be utilized for the photometric setting decreas} 
as AB increases. However, this limitation is not serio Mi 
since angular displacements of the order of +10’ can 
measured without any difficulty being experienced on t 
account. 
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Abstract 


equation 


educed for the amplitude S of the signal received by a 
wsducer, radius a, from a circular discontinuity, radius 
vhich is plane and parallel to the transducer face at a 
ance R, where k = 27/A and x = kat/R, So being an 
trary reference amplitude. Experiments verifying the 
ation are described, and the results quoted. The 
ition is shown to be more generally applicable than one 
ntly put forward by Krautkrdémer. It is shown that 
equation obviates the use of the many test-blocks at 
ent used in ultrasonic inspection. 


1. Introduction 


LTRASONIC flaw detection is widely used as a tool 
for the non-destructive examination of metals, and 
many descriptions of the construction and operation 

quipment suitable for this purpose are published (Heuter 

Bolt 1955). 

he value of the method is considerably enhanced if a 

ible assessment of defect size can be made. In a recent 

sr _Krautkramer (1959) put forward a method for the 
rmination of the size of defects idealized in the form of 
bottomed holes, using an ultrasonic reflection technique. 
he present paper, a more widely applicable equation will 
eveloped, which leads to a simple evaluation of size in the 
of idealized defects. It will be shown that the equation 
ices to that of Krautkramer in the region for which his 
ition is valid. Confirmation of the equation is obtained 

1 the results of experiments made in the Springfields 

ratory and from results quoted by Krautkramer. 


2. Theory 


1e pressure p, at a point P with Cartesian coordinates 
), due to a piston source of radius a situated at the 
in of coordinates O and radiating along the R axis, is 
p = (2rrpuyna?/R)I,(x)/x} (1) 
ided P is in the ‘far field’ (R > a?/A) and attenuation is 
scted (Vigoureux 1952) (see Fig. 1). 
this expression x = ka sin (= kat/R for small values 
, 6 = tan "(t/R), k = 27/A, J,(x) is a first-order Bessel 
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function, p equals the density of the medium, 7 is the fre- 
quency of vibration and uw, is the maximum velocity of the 
transducer face. The ultrasonic intensity at P is given by 
I(R, t) = p*/pc, where c is the velocity of sound in the 
medium. It follows that the total energy E incident on a 


transducer 


re flecting 
object 


view on 
arrow A 


Fig. 1. Arrangement of transducer and reflector. 


discontinuity of circular cross section, e.g. a circular disk of 
radius T perpendicular to the beam with its centre on the 


beam axis, iS 
t 2 
J 
\{ = Qntdt. 
x 
0 


Changing the variable of integration from ¢ to x and inte- 
grating, the average intensity over the disk Jy is therefore 


0 


47 pu,?n?a4 


Fen he 2) 


kaT|R 
SiO}? | 


x 


877 pu,2n7a2 


Mae eae aires 


(3) 


It is assumed that the disk re-radiates as a piston source 
having a maximum velocity uw, where u,* is proportional to 
the average incident energy, i.e. 


kaT|R 
oc 87 2 pu>n?a* OS 
Uy? Te (4) 
This approximation will be less exact as x increases. The 


ultimate justification for the assumption lies in the experi- 
mental verification of the theory which is described below. 
To evaluate the energy received back by the transducer, it 
is necessary to apply Eqn (3) to the disk as radiator, 
integrating over the surface of the transducer the energy 
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received from the disk. Thus the intensity at the transducer 
equals 
kaT|R 


pe as av) || Ai cyy2 
877“ puy-n-T | ha (5) 
0 


k2a2c x 


i.e. the intensity is proportional to 
kaT|R 2 
Wor (6) 


, 


0 


and the amplitude is proportional to 


kaT/R 


| eee (7) 
= 


0 


It is of interest to note that Eqn (7) is symmetrical 
with respect to the crystal radius a and the disk radius T. 

The above analysis is strictly applicable to a continuously 
vibrating piston source only, but experimental results show 
that it presents a fair approximation to the behaviour of the 
crystal transducers used for ultrasonic inspection, which 
generate a pulse of 5-10 cycles duration. 

The amplitude of the pulse received by a transducer is 
indicated by a vertical line of length S on a cathode-ray tube. 
Assuming linearity of amplification, 


kaT/R 


2 
s=5)| Hs (8) 
0 


where Sp is an arbitrary reference amplitude. Numerical 
values of the integral are not readily found by analytical 
methods. The integral is, however, easily evaluated by a 
graphical method. A graph of {J,(x)}?/x plotted against x can 
be drawn and the required integral is the area enclosed between 
the curve, the x axis and the line x = kaT/R. A plot of the 
integral against kaT/R is shown in Fig. 2. When Sp has been 


05 


x=kal/R 


kaT|R 
; 2 
Tike, 2, TPs | Wi@))? 1. against x _kaT ; 
eee: R 


determined, the value of S which will be obtained from a 
circular discontinuity of given radius at a given distance 
from the transducer can be calculated, provided the distance 
is greater than a?/A. 
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The value of Sy may be found in several ways. Gq } 
method is to measure the signal amplitude reflected from} 
circular discontinuity of known diameter at a known distat}| 
from the transducer. The appropriate integral may be 
culated and S measured, so that Sy can be obtained | 
division. An alternative method is to measure the amplityj 
of the signal reflected from the far side of a parallel-sid} 
section of the medium. All the reflected energy will ||if 
received by the transducer, provided attenuation in t 
medium is low and the section thickness is less than @ i 
The signal obtained will correspond to the limiting value (0 | 
of the integral as 7, and hence x, becomes very large; Sq 
obtained by division as in the previous method. In bay 
methods the reflection coefficient must be the same as tk 
between the medium and the discontinuities, the diamets } 
of which are to be estimated. | 


3. Experimental verification 


Experiments were conducted to verify Eqn (8) ove 
wide range of values of x = kaT/R. The apparatus consis 
of a tank 4 ft long, fitted with a carriage which traversec 
from end to end. The tank was filled with water ane 
transducer set up at one end. The plane end of a solid br: 
cylinder suspended from the carriage was used as a reflect? 
It was necessary to ensure that the axis of the beam w 
perpendicular to, and passed through the centre of, the pla 
end of the cylinder. To accomplish this the follow; 
procedure was adopted. 

The transducer and cylinder were approximately alig 
and the carriage was moved to the end of the tank rem 
from the transducer (position A). The transducer 


appeared on the screen. Then the cylinder was rota4 
about a vertical axis through its plane end until a maxim | 
signal was obtained. The carriage was then moved tolls 
distance from the transducer rather greater than the nd 
field distance a?/A (position B), and the cylinder was travers 
horizontally across the beam until a maximum signal vw 
observed. The carriage was then returned to position 
and the whole procedure was repeated. By this met 
alignment in a horizontal plane was achieved after a 
adjustments. In a similar manner it was possible to ob 
alignment in a vertical plane. After satisfactory alignm 
was obtained, the amplitude of the signal reflected from 1 
end of the cylinder was measured as a function of R, 
distance from the transducer. The amplitude was meas 
by recording the attenuation required in the output signallf) 
reduce the signal height to a fixed level on the screen. Exp 
| 
| 


ments were performed with reflecting cylinders of varid 
diameters and with transducers of various radii and 
quencies. It was assumed that the reflection coefficients 
the cylinder ends were all identical, so that Eqn (8) appli 

To calculate the amplitude S of the signal reflected fron 
cylinder of given cross section, it is necessary to take i 
account the attenuation occurring in the water. Thus 


kaT|R 
2 
HO}, 
Xx 


0 


exp (— aR) 


where a is the amplitude attenuation coefficient in water 
is measured relative to an arbitrary amplitude S;, so that 


| 


S/S} = (S/So)(So/S1) ( 
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the attenuation Z inserted in the output signal is given by 


Z = 20 logig (S/S1) = 20 logy9 (S/So)(So/S}) (11) 
Z S So 
0 logio( =") | logio( 5’) 
kaT/R 
J 2 S 
= logio | exp (— 2 | wee + logig a (12) 
Xx S; 
) 
kaT|R 
J 2 
= — aR logiyge + one | = dx + logy 2” (13) 
oe 1 
ig. 3 is a plot of 
kaT/R 


J, : 2 
0 against 0°4343a0R — one | ee 


0 


a typical series of experiments on cylinders of diameter 
1-0, 1-5 and 2:0 cm at distances R varying from 40 cm 
approximate ‘near field’ length a*/A) to 100 cm, using 
Mc/s quartz crystal of radius 1-2 cm; « was taken to be 
x 10-3 neper/em. Plotted in this way the points 
ild lie on a straight line of unit slope, according to the 
ve theory. The standard deviation of Z from the best 


o 
o 
° 


‘8 14 1:0 06 


koT/R 4 
0:4343eR-logg) (ut) dx 
By 
0 


kaT|R 


2 
Plot of 2 against 0-4343aR — ono | BONS for 
0 


ders of various radii using crystal of 4 Mc/s frequency and 
2cm radius. Cylinder radii: O = 0:25cm; X = 0:50 cm; 
0-:75cm; e = 1:00 cm. 


ig. 3. 


sht line through the points is 0-76 ds, and the slope of 
ine is 0-88 + 0:02. The deviation of the experimental 
ts from theory may be due to the assumption made in 
ing Eqn (4) and to limitations in the accuracy to which 
uation measurements were made (+0-25 db). 

another series of experiments the signals reflected from 
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the ends of flat-bottomed holes drilled in steel blocks were 
measured. The holes were of five different diameters in the 
range 1/32 to 3/32 in. and the ends were at depths from the 


| 
(© line of best fit 


2/20 


0:5r 


ol 


20 15 r 07 
10949 (ye d 
x 
a) 
kaT/R 
2 
Fig. 4. Plot of Ae eee Oy? 7. for an 
20 a8 
0 


experiment using flat-bottomed holes. 


surface in the range 4} in. to 3in. The ultrasonic beam was 
directed along the axis of each hole in turn, the transducer 
resting on the surface of the steel. Fig. 4 is a plot of 


kaT/R 
7 2 
0 against | — logyo ne) dx 
0 


for results obtained using a 5 Mc/s transducer of radius 
0:75cm. In this case, the standard deviation of Z from the 
best straight line through the points is 2:8 ds, and the slope 
of the line is 1:13 + 0-24. 


4, Comparison with Krautkramer’s theory 
Krautkramer (1959) gives the equation 


S/Hy = k*a*T?/4R2 (14) 
for the signal amplitude S from a circular discontinuity 
relative to a reference amplitude Hp; Hp is the signal reflected 
from the far side of a parallel-sided plate, and corresponds to 
the value of the integral in Eqn (8) when T is very large, i.e. 
when 

kaT/R 


WOH py = (5). 
x 


0 
Hy = 0°5Sp (15) 


(16) 


Thus 
so that S/Sp = S/2Hy — ka T7/8R* 


from Krautkramer’s theory. When x < 0°5,J,(x) ~ x/2, 


so that Eqn (8) reduces to 


kaT|R 
Ss x x2 kaT|[R k?aT2 
& dx — = Sone 
rag ial 8 |o 8R 
0 
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Thus in the range of ka7T/R for which the Krautkramer 
equation applies, the signal amplitude predicted by the 
Eqns (8) and (14) is the same. In Fig. 5 some experimental 


22 


20 


18 
Me 
14 
1-2 
kaT|R 
{J(x)}2 
Fig. 5. Plot of a against — logio SUG ©, for 
20 A x 
experimental results quoted by Krautkramer. 
results obtained by Krautkramer (1959) are shown. The 


values of x relevant to these results are in the range 0 to 0-7; 
Z/20 is plotted against 


kaT/R 


2 
= one | ae dx : 


0 


where Z = 20 logjo (S/S;) is the decibel attenuation inserted 
in the output signal. Z has a standard deviation of 1 dB 
about the best straight line through the points, the slope of 
which is 0:80 + 0:09. The straight line confirms Eqn (8) for 
small values of x. 

In Figs. 6, 7, 8 and 9 are plotted graphs of the percentage 


eon 


ri 50 60 70 80 90 
Distance from transducer R (cm) 


oe 1-kaT/R 
s= . 128 I 
BY 60 102 O85. 5 OTS 064 55 O57 
3s Krautkrémer 
35 40 equation, 5 
ao oe 
xo) _0------- Onn 
ge 20 ea 
Zs ) 
oe 


Fig. 6. Comparison of Krautkramer equation with Eqn (8). 
Bar diameter, 0°5 cm. 


deviation of predicted diameter from actual diameter against 
distance from transducer. The results are those obtained in 
the experiment described in §(3) above and plotted in 
Fig. 3. The bar diameter is calculated using (a) Eqn (8), 
and (5b) Eqn (14), taking the signal reflected from the 
1-Ocm diameter bar at a distance R = 60cm as reference 
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amplitude in each case. The graphs show that for values) | 
x less than about 3:2, Eqn (8) predicts the bar diame ' 
more accurately than does Eqn (14). Eqn (8) is inaccu i 
for greater values of x because (Fig. 2) there is only a sme 
change in reflected signal for all values of x greater thip 


3:2. Thus the apparent breakdown of Eqn (8) is due }; | 
x=kaT/R 
i 40222 2:04 1:70 146 1:28 114 
23 Krautkramer 
3S 20 equation) = og 
eal en: pie Des 
er eee: : 
rE § equation (8) 
oi 
2 § 205 
ge 
i 60 70 80 90 
Distance from transducer R (cm) 
Fig. 7. Comparison of Krautkramer equation with Eqn (8) 
Bar diameter, 1-0 cm. | 
x-kaT/R 
eee 3:06 256 2:19 1:92 1-70 
i = deviation greater than 
25 100°. for R=40,50 cm 
pay equation (8) 
ES 0 = 
be z ee cay Krautkramer 
Si) wee ‘ equation 
3-40 
40 50 60 70 80 90 
Distance from transducer R (cm) 
Fig. 8. Comparison of Krautkramer equation with Eqn (8)|j 


Bar diameter, 1-5 cm. 


r=kaT/R 


4-09 3-4\ 2:92 256 227 


40 deviation greater than 
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yas Krautkramer 
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Fig. 9. Comparison of Krautkramer equation with Eqn (8) 
Bar diameter, 2-0 cm. 


experimental error, rather than to a breakdown in the theouf! 
Values of x greater than 3-2 are of little importance in fld 
detection, as it is not usually necessary to determine accurate 
the dimensions of large flaws. 


5. Practical application to defect size assessment 


It is current practice to assess the size of defects whiil: 


have been detected by ultrasonic inspection by compari { 


the amplitude S of the signal reflected from the defect will! 


INTERPRETATION OF ULTRASONIC ECHO AMPLITUDE 


signal from a flat-bottomed hole in a block of the same 
erial, the end of the hole and the defect being at the 
e distance from the transducer. This method of assess- 
t involves the construction of a large number of standard 
bottomed holes, a procedure which is inconvenient and 
ly. 

he equation 


kaT/R 
S AW 
S= 5 Ciitalare 
0 


x 


‘inates the need for such standards as it predicts the signal 
litude which would be obtained from such holes, pro- 
d Sp is specified initially. It must be emphasized, how- 
, that the equation does not predict the size of defect 
ch gives rise to a given signal, but can only be used to 
rmine the diameter of the flat-bottomed hole which would 
rise to a signal of the same amplitude. 

he gain control on the testing equipment can be adjusted 
ive a value of Sy) which has been decided upon by experi- 
it to be optimum for the required inspection. The 
dard used for reproducing Sg may be either a flat- 
omed hole or a parallel-sided plate. The advantages of 
g a parallel-sided plate have been discussed by Kraut- 
ner. The total energy emitted from a transducer is, in 
sral, much greater than that reflected from a defect, so 
for accurate measurement the signal from the far side 
he plate must be brought to an arbitrary height on the 
en by means of an attenuator inserted in the output, and 
als from defects brought to the same level. The use of 
ittenuator also ensures that the amplifier always operates 
he same level, so that errors due to non-linear ampli- 
ion are avoided. 

or routine inspection of materials a graph based on 
ulations from Eqn (8) can be superimposed on the 
en, constructed so that a signal of amplitude greater than 
ordinate indicates a defect of rejectable size. The uni- 
1ity of the inspection will depend on how uniform are 
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the reflection coefficients of the defects, their shapes and their 
orientations relative to the transducer face. One method of 
construction of the graph is to obtain from Eqn (8) the 
amplitudes S,, S5,... of the signals which would be reflected 
from the disk of size comparable with the smallest rejectable 
defect at various convenient distances d,, d,... from the 
transducer. With the transducer set up to receive an echo 
from the standard (either flat-bottomed hole or parallel- 
sided plate) used to obtain Sp, attenuation is inserted to 
obtain the signals, S,, S,... appropriate to the distances 
d,, d,.... The time-base calibration is used to move the 
signals to positions on the screen at which signals will rise 
from defects at distances d,, d, .. . during the inspection of 
the material under consideration. If tracing paper is placed 
over the screen the height of the trace in each of the positions 
can be marked, and hence the required graph is obtained. 
Using such a graph, the Eqn (8) may safely be applied to 
routine ultrasonic inspection by semi-skilled personnel. 
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feasurement of the tensile strength of brittle materials 


heir paper published on pp. 281-287 of the June 1959 
> of this Journal, Messrs. Berenbaum and Brodie point 
that the tensile strength of a brittle material, calculated 
1 the breaking load applied in a bend test, may be more 
_ double the tensile strength found from a tension test. 
y do not mention the main reason for this apparent 
‘epancy, which is simply that the conventional formula 
to calculate the stress set up by the bending moment is 
plicable if the material does not adhere closely to Hooke’s 


xe formula used [authors’ symbols, Eqn (5) in the paper] is 
T = 6Gz/{(~ + B)2} 


‘e a + f indicates the total depth of the beam d. 

1is formula is developed in the simple theory of bending 
he assumption that the stress-strain law for the material 
rear. Cast iron, which the authors include amongst the 
le materials considered, has a stress-strain relation which 
proximately linear for small tensile stresses, but as the 
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stress increases the strain increases at a greater rate. In 
compression the approximately linear relation holds over a 
greater range of stress. The general shape of the complete 
stress-strain curve is indicated in Fig. 1. 


_ Stress 
tension 


strain 


compression 
Fig. 1. Stress-strain curve; cast iron. 
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The distribution of stress over the cross section when the 
stress-strain relation is linear is shown in Fig. 2. For this 
distribution, the greatest tensile stress T is given by the 
formula T = 6G;/d?1. 

The distribution of stress immediately prior to fracture 
when the stress-strain relation in tension has departed 


compression 


centroid tension 
(a) ¢b) (Cc) 
Distribution of bending stress. 


Hooke’s law. 


(6) Distribution of strain. 
of stress. 


Fig. 2. Material obeys 


(a) Cross section. (c) Distribution 


markedly from the original linearity is as indicated in Fig. 3. 
The compressive stresses being greater than the tensile, the 
area in compression is less than that in tension; the position 
of zero stress or ‘neutral axis’ has shifted from the centroid 
towards the compressive face. If the precise shape of the 
stress-strain curve is known, the position of the neutral axis 


compression 


tension 
(a) (b) (c) 


Fig. 3. Distribution of stress prior to fracture. 


(a) Cross section. (6) Distribution of strain. (c) Distribution 
of stress. 


can be found by balancing the total tensile and compressive 
forces. The bending resistance of the section can be found 
by integrating the moments of these forces. The relationship 
for the rectangular cross section will be T = cG,/d?t, where 
c is a factor and 


60 2: 


This relationship, and hence the amount of the apparent 
discrepancy under discussion, is dependent on the shape of 
the cross section. For a circular cross section of diameter d 
the relationship is 


le cG,/7d3 


where By) S46 SS, 
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The bend test (three-point loading) or ‘transverse’ { 
as it is called, is widely used for comparing the strengths 
specimens of cast iron because of the ease with w 
specimens can be prepared and tested. The stress calcula 
from the breaking load by use of the conventional forn| 
is regarded as an indication of strength and is known as | 
‘modulus of rupture’ to distinguish it from the true ten 
strength. It is a convenient comparative figure. 
The surface finish of a specimen of cast iron is conside| 
to have a minor influence on the results of the bend 
It must be remembered, of course, that owing to the differe} 
in conditions near the surface and at the centre which e 
during the solidification of a casting, the properties of 
material will vary throughout the bulk. Indeed, these pig 
perties will be influenced also by the size of the casting. 
The stress conditions obtaining in the transverse test, v 
established for cast iron, will be valid for other mate 
with similar stress-strain curves. When the limitations of 
test and the difference between ‘modulus of rupture’ 3} 
tensile strength are appreciated, the practical value of 
test can be fairly assessed. 


Royal Military College of Science, A. ORMERO} 
Shrivenham, 
Swindon, 


Wilts. 


| 


17th November i | 


The authors agree that non-linearity of the stress—st 
relation would give rise to the effects described in the pa 
and probably plays a major part in the case of cast in 
This, however, does not abrogate the general thesis of 
paper, that the bending test is extremely sensitive to surf 
conditions. It should be noted that in the cases of coal 4} 
plaster of Paris the stress-strain curves are closely linear 
to failure. Non-linearity of the stress-strain relation wo iy 
of course, give rise to errors in the other indirect tert 
strength tests considered, but this would show up in | 
validity test suggested, where different sized indenters wet 
give rise to different apparent tensile strengths. 


Atomic Power Constructions, Ltd., 


R. BERENBAU 
Research and Development Laboratories, 


Heston, 

Middx. 

Westinghouse, Ltd., I. BRODIE 
Elmira, N.Y., | 
U.S.A. 9th September 1) 
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Notes and comments 


\j2w Edition of Notes for Authors 


‘With the amalgamation of The Institute of Physics and 
1e Physical Society it is desirable to co-ordinate the produc- 
‘yn of the journals, hitherto published by the two bodies 
{parately. 
‘vAs is to be expected, the styles employed in the two sets 
‘|, publications have differed in certain details, and we hope 
‘| remove most of these differences with the new volumes 
¥st starting. The main alteration which affects the Journal 
‘| Scientific Instruments and the British Journal of Applied 
ysics is in the form in which references are given. In 
‘tture this will conform to the Harvard system. 
‘To assist intending authors a revised Notes for Authors 
s been published and is available free of charge from 
'| Belgrave Square, London, S.W.1, or 1 Lowther Gardens, 
‘ince Consort Road, London, S.W.7. It contains hints on 
e preparation of scripts and diagrams, the layout of mathe- 
Watics and the correction of proofs. Various appendices 
ve lists of preferred spellings, symbols, abbreviations, 
rm of references to be used and a bibliography of reference 
})oks and works on technical writing. Intending authors 
je invited to apply for a copy. 


ae Institute of Physics and The Physical Society Awards and 
) Appointments 

The Council of The Institute of Physics and The Physical 
‘ciety which recently amalgamated has made the following 
‘}wards: 

{The Duddell Medal to Dr. J. B. Adams, the Director- 
“teneral of C.E.R.N. (the European Organization for Nuclear 
i¥esearch), for his leadership of that team. 

«i The Charles Vernon Boys Prize to Professor A. W. Merrison 
i ' the University of Liverpool for his distinguished research 
“) experimental physics. 

| The Charles Chree Medal and Prize to Dr. S. E. Forbush 
| The Carnegie Institution of Washington for his dis- 
guished work on the cosmic radiation. 

} The Council has also made the following appointments: 

: Guthrie Lecturer: Dr. D. Shoenberg of the Royal Society 
jond Laboratory, Cambridge, has been appointed Guthrie 
jcturer for 1961. 

| Thomas Young Orator: Dr. H. H. Hopkins of the Imperial 
allege of Science and Technology has been appointed to 
4liver the Thomas Young Oration in 1961. 


sermoelectricity Conference, Durham, 1961 

| An Institute of Physics and Physical Society Conference is 
sing arranged to take place in the Science Department, 
Jurham Colleges, University of Durham, from 10th July to 
th July 1961. Accommodation will be provided in Grey 
allege; meetings will be held in Applebey Lecture Theatre 
id in the Applied Physics Department. 

It is intended that the topics for discussion include thermo- 
jectric refrigeration and generation, and the following head- 
gs are intended to indicate the main fields of interests. 
asic properties of thermoelectric materials, solid and liquid; 
jethods of determining electrical conductivity, thermal con- 
’ ictivity, and thermoelectric power; properties of materials, 
Joblems and techniques associated with device developments; 
Jermoelectric devices and their applications. 
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Application forms for attending this Conference will be 
available later from the Institute of Physics and Physical 
Society. Proposals for contributions should be sent to 
Professor D. A. Wright, Department of Applied Physics, 
Durham Colleges. 


Mass Spectrometry Conference, Oxford, 1961 


The Mass Spectrometry Panel of the Institute of Petroleum 
in conjunction with A.S.T.M. Committee E-14 are organizing 
a conference of Mass Spectrometry which is to be held at 
Oxford University on 12th, 13th, 14th September, and the 
morning of the 15th, 1961. 

Papers dealing with any aspect of Mass Spectrometry will 
be welcome but special sessions will be held which will deal 
with high resolution mass spectrometry, the mass spectro- 
metry of organic compounds and the mass spectrometry of 
inorganic solids. 

Authors who wish to present papers at the Conference are 
asked to send full abstracts by 28th February 1961, to Dr. 
R. R. Gordon, chairman, Mass Spectrometry Panel, National 
Coal Board, Coal Research Establishment, Stoke Orchard, 
Cheltenham, Gloucestershire. The final choice of papers to 
be presented will be in the hands of a reviewing committee 
which will make its decisions on the basis of the abstracts 
submitted. 

Details regarding Conference membership and all other 
arrangements can be obtained from the Organizing Secretary, 
W. J. Brown, Instrumentation Division, A.E.I. (Manchester) 
Ltd., Trafford Park, Manchester, 17. 


Water Conservation Bibliography 


We have received from Price’s (Bromborough) Limited, 
Bromborough Pool, New Ferry, Near Birkenhead, a Biblio- 
graphy of references in the published literature on water 
conservation. They have been studying the use of cetyl 
alcohol for water conservation for a number of years and 
have built up a classified bibliography covering not only 
available information on the control of evaporation losses 
from water storages, but also references in many other fields 
which are related to the study of the problem. 

There are three parts, a subject index, a list of references 
and an author index. The subject index is divided into 
sections under the following headings: Evaporation from free 
water surfaces; Evaporation from soil and vegetation; 
Monomolecuiar films at the air/water interface; Use of fatty 
alcohol monolayers for reduction of evaporation from water 
storages; Hydrological factors associated with water con- 
servation; Meteorological factors associated with water 
conservation; Other applications for the use of fatty alcohols 
to reduce the evaporation of water; Properties of the long- 
chain fatty alcohols; Oil films, multilayers and built-up layers. 


Croxson Memorial Lecture 1961 


The Society of Non-Destructive Examination announces 
that the first Croxson Memorial Lecture, in commemoration 
of the late Mr. Charles Croxson, Founder Chairman of the 
Society, will be presented on Friday, 17th February 1961, at 
6.15 p.m., in the Caxton Hall, Westminster, by Dr. L. 
Mullins, Ph.D., F.R.P.S., A.I.M., F.Inst.P., on: The Evolution 
of Non-Destructive Testing. Admission to the Lecture will be 
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by ticket only. Applications for tickets—not more than two 
per applicant—and for further details of the Lecture, should 
be addressed to the Honorary Secretary of the Society, 
Mr. D. T. Carter, E.S.A.B. Ltd., Gillingham, Kent. 


Ten-year science plan for UNESCO 


A series of recommendations that would govern UNESCO’s 
natural science programme for the next ten years has just been 
approved by the Programme Commission of the UNESCO 
General Conference’s Eleventh Session now meeting in Paris. 

These recommendations give priority for the next decade 
to activities in three main fields: Co-ordination of scientific 
activities on both national and international levels; The 
exploration of the earth’s resources and a study of the 
scientific problems involved in harnessing them; The applica- 
tions of science and technology for the industralization of 
developing countries. 

The decision of the Programme Commission to approve 
these priorities will now go before the General Conference 
itself for a final vote. 

Note: Copies of the Report on the Survey of the Main Trends 
of Enquiry in the Field of the Natural Sciences (11C/PRG/5) 
are available from The Press Division, UNESCO, Place de 
Fontenoy, Paris 7e. 


Progress in Astronautics and Rocketry 


Academic Press Inc., 111 Fifth Avenue, New York 3, N.Y.., 
announce that they will publish Progress in Astronautics and 
Rocketry, a new series sponsored by the American Rocket 
Society. The editor of the series is Profesor Martin Summer- 
field of Princeton, New Jersey. Volumes will contain selected 
technical papers offered at the Society’s specialized symposia. 

Volume 1, dealing with Solid Propellant Rocket Research, is 
edited by Martin Summerfield and based mainly on a sym- 
posium held at Princeton, 28th—29th January 1960. Volume 2, 
entitled Liguid Rockets and Propellants, is edited by Loren E. 
Bollinger, Martin Goldsmith, and Alexis W. Lemmon, Jr. 
Volumes 3, 4 and 5, due in 1961, will be devoted respectively 
to Energy Conversion for Space Power, aid Space Power 
Systems, both edited by Nathan W. Snyder; and Electrostatic 
Propulsion, edited by David B. Langmuir, Ernest Stuhlinger, 
and J. M. Sellen, Jr. 


Nuclear Fusion 


We have received the first issue of a new journal published 
under the above title by the International Atomic Energy 
Agency. It will appear quarterly and will contain reports 
of original work and review articles concerning plasma 
physics and controlled thermonuclear research. 

The Scientific Editor is Dr. J. G. Beckerley and there is a 
Board of Editors consisting of sixteen experts from different 
countries. The first issue contains five articles including one 


on Plasma Oscillations by I. B. Bernstein and S. K. Trehan 


(including theory and technique). All rights reserved. 


1 Lowther Gardens, Prince Consort Road, London, S.W.7. 
ance with the Notes for Authors. 


obtained upon application from The Royal Society, London, W. 
Fleet Street, London, E.C.4. (Telephone: Holborn 3611-2.) 


SUBSCRIPTION RATES. A new volume commences each January. 
advance. 


or to similar omissions will not be considered. 


BRITISH JOURNAL OF APPLIED PHYSICS 


THIS JOURNAL is produced monthly by The Institute of Physics and The Physical Society, in London. 
Responsibility for the statements contained herein attaches only to the writers. t 
EDITORIAL MATTER. Communications concerning editorial matter should be addressed to the Editor, The Institute of Physics and The Physical Society. 
(Telephone: Kensington 0048.) Prospective authors are invited to prepare their scripts in accord: 


REPRODUCTION. The Institute of Physics and The Enyce Society is a signatory to The Royal Society’s Fair Copying Declaration. Details may bel 
ADVERTISEMENTS. Communications concerning advertisements should be addressed to the agents, Messrs. George Jackson (Fleet St.) Ltd., Cliffords Inn, | 


The charge is £6 per volume ($17 U.S.A.), including index (post paid), payable in # 
Single parts, so far as available, may be purchased at 12s. 6d. each ($1.75 U.S.A.), post aid, cash with ord : . Ord y The Institute 
of Physics and The Physical Society, 47 Belgrave Square, London, S.W.1, or to any bookseten : oS pip artenctlaheg ER | 
CLAIMS FOR MISSING JOURNALS. Claims from regular subscribers to this Journal for missing numbers will only be consid: i i ithi 

60 days of the date of mailing plus normal outward time of transit and time for lodging the claim. Losses attributable to faslane 1o HOuty : aco ae { 


of Princeton University. The abstracts are printed in Englij 
French, Russian and Spanish. | 

The journal is published by the International Atos} 
Energy Agency, Karntner Ring 11, Vienna, Austria, and 
annual subscription is 70s. 


Editorial and publications sales offices 


Readers are requested to note that all corre- 
spondence of an editorial nature should now be — 
sent to the following address: 


The Editor and Deputy Secretary, 

The Institute of Physics and The Physical © 
Society, 1 Lowther Gardens, Prince Consort | 
Road, London, S.W.7 (Kensington 0048). 


Correspondence concerning subscriptions, missing 
journals, and sales of publications should be sent 
to: 
The Institute of Physics and The Physical 
Society, 47 Belgrave Square, London, S.W.i 
(Belgravia 6111). 


Journal of Scientific Instruments 
Contents of the January issue 


SPECIAL ARTICLE 
Some aspects of research on thin solid films. By K. M. Greenland. 


PAPERS 


Instrument for recording the dust nuisance emitted by chimneys. By P. A# 
Crosse, D. H. Lucas and W. L. Snowsill. | 

A platinum resistance thermometer for use at high temperatures. By Ci} 
Barber and W. W. Blanke. 

Automatic correction of counting losses in a Geiger-Miiller counter used 
periodically varying radiation. By B. B. Trott. 

Improved design of spectropolarimeter. By E. J. Gillham and R. J. King. | 

Modified design for ion-source canals. By K. R. Chapman and G. L. Wrenif#! 

Automatic recording dilatometer. By C. L. Bell. \} 

Automatic apparatus for measurement of the rate of absorption or evolutiolf! 
gas. By J. Scanlan and J. R. Dunn. | 


LABORATORY AND WORKSHOP NOTES 


A pumpless circulator and Geiger-counter holder. By R. Scott. 

Simple ultrasonic interferometer for student use. By L. Molyneux. 

Low-capacitance electrometer earthing key. By L. A. W. Kemp. | 

Thermoelectrically cooled probe for the determination of semiconductor til! 
By R. V. Jeanes and K. E. G. Pitt. | 


NOTES AND NEWS | 


New instruments, materials and tools. Notes and comments 


It deals with all branches of applied physics | 


{ 
i 


| 


UNWIN BROTHERS LIMITED, WOKING AND LONDON | 


giving values of 4, 8, 12, 16, 20, with resulting greater 
number of errors. 


General recommendations to reduce the above-mentioned 
rors are given by Kappauf (1951la, b) based upon his own 
id other experimenters’ work. The principal ones are as 
:llows : 


(1) Do not use full-circle scales—have a break at the 
origin and put the zero near the bottom of the dial. 

(2) Place numerals and elongated major marks on that 
side of the scale remote from the index. 

(3) Where possible avoid change in the number of digits 
in numerals at major marks. 

| (4) The scale should increase in value in a left-to-right or 
upwards direction. In a part-circle scale locate that 
portion of the scale where critical quantitative readings 
are to be made in the upper quadrants. 

(5) Design the scale so that the minor divisions are sub- 
divided, by visual estimation, into not more than five 
parts. 

(6) Number the major marks in series of 1’s, 2’s or 5’s; 
subdivide the scale so that minor marks go in series 
of 1’s, 2’s or 5’s and so that interpolation of minor 
divisions goes in 1’s, 2’s or 5’s when appropriately 
subdivided. Never use systems such as 1-5, 3, 4:5 or 
2-5, 5, 7-5 and avoid 4, 8, 12. 


3. Size of scale and reading distance 


\It is fairly obvious that scale size must be related in some 
vy to reading distance and that the degree of subdivision 
a scale will have an effect on the readability of that scale. 
this latter respect it has been established that too many 
}es can be provided on a scale leading to great difficulty in 
jading and resulting errors. This is particularly true if the 
jale marks are made too long, when a ‘palisade’ effect results. 
is was pointed out by Sears (1923) but examples still exist 
| scales with this defect and engineers’ rules are particular 


solution leads to a minimum angle which two objects may 
jibtend at the eye to ensure that they are readily resolved. 


aced that they are clearly legible at the appropriate reading 
stance. 

Many workers have shown that relatively few divisions and 
der spacing of scale marks lead to improvement in read- 
jility of scales and a reduction of observational errors. 
Jost of them have been concerned with determining the 


‘establish the general relationship between scale spacing 
d reading distance that would follow. Examples are to be 
and in the work of Grether and Williams (1947) and of 
ppauf and Smith (1950). The diagram of Fig. 3 is based 
the findings of the latter and it is seen that the results 
‘ym. different sized dials and different scale numbering 
‘stems can be grouped and yield a single curve relating scale 
jacing and number of correct readings. Laurie, McCarthy 
!d Murrell (1951) realized that it was the angular separation 
‘tich was the important factor and they extended work of 
‘s nature to cover a range of reading distances and dial 
jes. Their results also could be combined into a single 
irve which is shown in Fig. 4. All these workers agree that 
i: number of correct readings increases rapidly as the scale 
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Spacing is increased, that there is a fairly sharp transition 
where the observational accuracy comes near to its highest 
value, and that thereafter there may be only a very slight 


100 
80 
2 X 1|4in. dials 
i) O 2-Pin dale 
s 40 
20 
0 1 ef = J 
0 0-02 0:04 0-06 0:08 010 
Arc length of interpolated unit-in. 
Fig. 3. Observational errors in relation to spacing of 


graduation marks. Arc length in inches is given for an inter- 
polated one-fifth of a minor division: reading distance 28 in. 
(After Kappauf and Smith.) 


improvement with further separation. The high percentage 
of wrong readings with close spacing may be noted. 

Grether and Williams asked their observers to read to 75 
of a minor division and used circular scales of 1, 14, 2? and 
4in. diameter at 28in. reading distance. Their critical 
separation for the estimated interval was found to be 0-05 in. 
at 28 in. or expressing this in angular measure 0-002 radian. 
Kappauf and Smith got their observers to read to 4 or 75 
of a minor division, depending on the type of scale, and 
used circular scales of 1-4 and 2-8 in. diameter at 28 in. 


el. 
| 


_ 


40 


readings 


correct 


‘fo 


20 


0-2 0°5 | 2 5 10 20 


Angle subtended at eye by interpolated unit-min. 
Fig. 4. Observational errors in relation to spacing of 
graduation marks. Spacing in angular measure for an inter- 
polated one-fifth of a minor division (logarithmic plot of 
angles). (After Laurie, McCarthy and Murrell.) 
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distance. Critical values are 0:04 in. and 0-08 in. at 28 in. 
for the two values of interpolation: these are approximately 
0:0015 and 0-003 radian respectively. Laurie, McCarthy 
and Murrell’s observers read to 4, 3'5 or 4 division, depending 
on the type of scale: part-circle scales ranging from 2 to 8 in. 
diameter were used over distances from 2+ to 24ft. They 
established that by interpolating into fifths of a minor 
division or less (e.g. quarters) observational accuracies of 
95 to 98% were possible with the correct angular separation 
but that the value was reduced markedly to only 80% 
for division into tenths. The critical angle, sharply defined, 
was 2’, i.e. approximately 0-:0006 radian. This is only one- 
third of the American values (interpolation into fifths) and 
they attribute this to the use of practised observers: over 
2000 practice readings were taken on each type of scale before 
commencing the experiment proper, whereas the subjects 
used by the American workers seem to have had Jittle or no 
practice. It is considered (Murrell 1951, 1952) that the 
British figures give scale sizes more in accord with normal 
practice and these are the figures which will most likely be 
included in the B.S.I. recommendations. A practical figure 
based on the above angular value relating length of an 
estimated subdivision is 0:08 in. at a reading distance of 
12 ft. Expressing this as the relationship between the 
minimum interval to be read as /in. at D ft reading distance 
we have 

Di= ASO (1) 


The experimental data of the various experimenters have 
thus given a value for the minimum angle to be subtended 
at the eye for the smallest division to be read, and further 
that this latter, estimated by interpolation, should not be less 
than one-fifth of a graduation interval (minor division) of 
the scale. From the former we have established the practical 
relationship between reading distance and minimum division 
of Eqn (1). We must now determine the total Jength of the 
scale in relation to the reading distance. 

To fix the overall length of the scale one further factor must 
be considered, and this is the total number of scale divisions, 
which must be decided upon in some rational way and not 
by arbitrary choice. No instrument is without some inherent 
inaccuracy and it seems logical, therefore, to choose the total 
number of scale divisions so that the one-fifth of a minor 
division to which the observer will read does not give so fine 
a subdivision as to make the reading appear to be much 
better than that which the instrument is capable of indicating. 
For industrial purposes it is considered that a scale readable 
to 1% of full-scale value is generally acceptable and is 
reasonably related to the general characteristics of this class 
of instrument. This will correspond to the one-fifth of a 
minor division so that there will be 100/5 = 20 minor divisions 
in the total length of scale for optimum design.* Also if L 
is the scale-base lengtht in inches, L = 100/ and hence the 
scale-base length and reading distance will be related by 


Ds 1-5L. (2) 


To allow for possible unfavourable conditions of reading, 
such as lighting which is not ideal, a deterioration in contrast 


_* It may be more appropriate on some scales to divide the minor 
divisions into 4 parts, by eye, to ensure that these estimated 
divisions are in one of the preferred number series 1, 2 or 5 and 
examples of this will be found in section 4. In this case there 
would be 100/4 = 25 minor divisions for optimum design, each 
estimated division still being 1°% of full scale. 

{ The scale base is the line, actual or implied, running from end 
to end of the scale, which defines or corresponds to the index path 
(British Standards Institution 1955). 
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between the scale marks and background of the dial due} 
ageing or dirt, and to allow for observers whose eyesigh 
not quite normal, a rather longer scale base is advisable 
a suitable relation is 


D=1:2L of = Diez 


L being in inches and D in feet. \t 
A scale designed on this basis can then be read to 1 %]/ 
its full-scale value (by suitable interpolation) with minim) 
number of observational errors. 
The scale-base length is thus determined, for any read 4j} 
distance, being based on experimental evidence for 
minimum size to make the divisions and a rational cha 
of total number of divisions in the scale.* To it can then 
related the dimensions, proportions and relative spacing. 
the scale marks, numerals and lettering and other featu)} 
of the scale and dial: these are given in the later sections) 
The scale-base length and all other related features | 
now the same for any configuration of scalef and Fig 
compares the same scale in different forms—straight, sec} 
(90°) and part-circle scale (270°). It is evident from th) 
that quite different dial areas, hence case sizes, are neeq 
to accommodate the same scale: the choice will obvio 
depend upon the type of instrument and its function. | 
It is not expected that a manufacturer would make 
different size of instrument for each reading distance. Ratil 
the number of case sizes would be limited and the scale-b 
length in any one will determine the maximum distance} 
which the scale can be read: this instrument would then fj 
used at somewhat shorter distances until it reached 
maximum reading distance of the next smaller instrum# 
and so on. The theoretical continuous relationship betwe 
reading distance and scale-base length (Eqn (3)), and fr 
it the dial sizes for a given configuration, would be replaaf} 
by a step function in the practical case: this is illustra 
diagrammatically in Fig. 6. 


4. Scale ranges and subdivision 


We have indicated that all graduations and number 
systems on a scale should be such that they proceed in jf 
2’s or 5’s (or multiples or submultiples of these by 10) 
that the optimum number of interpolated divisions fo 
scale reading to 1% is 100, resulting in 20 minor divisie 
if these are interpolated into fifths, or 25 divisions if int 
polated into quarters. if 


* By similar reasoning, if a lower class of instrument were bé 
considered and reading to say 5% of full scale (again by in|! 
polation) was of the right order, then only four minor divisi/#l! 
would be needed and the relationship would be D=6L. Ti 
would be a very open scale and in fact minor and major divisi! 
would coincide. Kappauf and Smith’s work (1950) extended! 
et ‘open’ dials and they still fitted into the general pattern 
results. 


more or less, equally readable can only be obtained in a gendf: 
way: no direct results have been reported for quantitative ti 
instruments when readings are taken in the observer’s own tiulll 
A frequently quoted experiment is that of Sleight (1948) in whi 
he compared these with counter indicators: he found the lat 
superior and the round dial somewhat better than the straiif 
scales. But the observers were only allowed observation of | 
scales for a mere flash of 0-12 sec and this has a great bearingif. 
the results; longer times of observation always reduce the readill 
errors. Grether’s (1949) results on several types of altime 
(where the addition of thousands of feet to the scale indicat 
was to be made and this had some bearing on the results) shov 
little difference between straight vertical and circular scales. 
considered by Murrell (1951) that the design of the scale is lik}! 
to have far greater influence on the observational accuracy ¢ 
time of reading than will its shape. 
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‘Table 1 forms the basis for analysis of all possible scale 
‘ages that might accord with these criteria (A. J. Maddock 
/59, private communication to British Standards Institution). 
0 5 10 IS 20 
SPE iste iihe lenient ele wns ciel Terman 
te} 
} : 10 
15 
eo ay, 
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\ yes 
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ig. 5. Areas occupied by the same scale in different forms. 
4, straight; 5, sector (90°); c, part-circle (270°); d, part- 
| circle (270°). 


| s built up by starting with the total number of estimated 
lisions on both sides of the optimum of 100 and proceeding 
‘Ithe steps indicated under the Table to list out the full-scale 
‘jue of all possible ranges. It is apparent from this table 
Nt there are only three possible scale ranges that can 
‘Aform to the optimum, those having full-scale values of 
| 20 and 50, and that all other ranges depart from this 
imum. Picking out from this table the only possible 
les we have 


i) Optimum reading to 1% 10, 20, 50 
More open reading to 1:25% 8 (or 80), 40 
I More open reading to 1:33% 15 
} Very open reading to 1:67% 6 (or 60), 30 
1 More closed reading to 0:84% 12, 60 

More closed reading to 0:80% 25 
® Very closed reading to 0:67% 30 


{igrams of all these scales are given in Fig. 7. 

iVe may note that for the 30, 40 and 50 scales, interpolation 
\the minor divisions into quarters and not fifths is the 
}ropriate procedure. Taking possible full-scale values 
ween 10 and 100 it is preferable that these should be 
{Itiples of 10 and from these, scales in the neighbouring 
¥ades follow by multiplying or dividing by 10. We thus 
that we can pick out scales of 10, 20, 40, 50, 80 reading 
i or 1:25°% but to find a 30 or 60 scale it is necessary to 
§ the very open scales and read to 1:67%, rather far from 
* ideal. We do not, however, choose the more closed-in 
Tles to obtain these ranges, especially that for 30 since the 
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divisions would be well below the resolution given by Eqn (2), 
even using up the full safety factor of Eqn (3): the 30 and 
60 scales are therefore difficult to devise and do not fit the 
scheme well but they are the only possible designs. 

An intermediate between 10 and 20 is wanted to avoid too 


Scale-base length L-in 


Reading distance D-ft 


Fig. 6. Illustration of relation between reading distance and 
scale-base length: (a) theoretical continuous relation; 
(5) practical, to limit number of case sizes required. 


big a step between ranges here: 15 seems the best choice, 
reading to 1:33%, although there will be few major marks, 
as on the 30 and 60 scales. We do not consider 16 since its 
major marks would proceed in 4’s whilst 12 would also 
proceed in 4’s and is not sufficiently intermediate between 
10 and 20. 

We thus arrive at the following scale ranges as the only 
possible ones: 


10, 15, 20, 30, 40, 50, 60, 80 and start again at 100. 


The illustrations of these in Fig. 7 show also the actual value 
of the estimated division and its percentage value of full scale. 
These scales should be adequate to cover all needs as there 
is a good margin of overlap between them (in no case is the 
ratio between ranges more than 1-5 and more often is less). 
Several form separate series of 1 : 2 in range, thus 10, 20, 


200 4 8 12 16 
Pex} [iil le eee 


02 4 68 1012 t4 16 1820 
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500 (5710 15 32025550 
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0 10 20 30 40 
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Fig. 7. Diagrams of scales analysed. 


BRITISH JOURNAL OF APPLIED PHYSICS 


DESIGN OF SCALES FOR INDUSTRIAL INSTRUMENTS | 
| 


Table 1. Analysis of possible scale ranges l 
i in full | st. Mie 
. ee Seay Say 60 75 80 90 100 00 ee 
b. Proportion of full scale % 1-67 1:33 125 ileal 1-00 0-91 0-84 0-80 O- 
c. Fraction of minor divn for est. 
value + ‘3 + + t + 13 $ Le $ 
d. No. of minor divns (PA ils tS 16 20 18 AY IS 22 24 30 25 
Value of est. divn 0-1 | 
Value of minor divn 0:5 04 O-5 O-5 0-4 O05 O-5 O4 O-5 0-5 O-4 0°5 0+ 
A. Full scale value 6* 6 125 8 8 9 10 10 ili 1D oes 
Value and no. of major divns PL) 2x4 Dexa) DBAS 
Value of est. divn 0:2 
Value of minor divn 1-0 0-8 150 J50—0:238 1-0) 1-0) 0781-0 IO M0: Sue 
B. Full-scale value VV ish 16 16 18 A AY Wp) 24 24 25) 
Value and no. of major divns S363) 5 x 4 BP Sa) >. 
Value of est. divn 0-5 
Value of minor divn Dossy 7p PISO OS ph PR IETS) PT PAN Ye oe P35) 2 2-5 
C. Full-scale value 20 SUS eS 40 40 45 505-50 )5) 60 60 62:5 
Value and no. of major divns 10 x 3 10 x 4 LOSS 1056 


Principal usable scale ranges in bold type. 


Usable scales but departing rather far from optimum marked by asterisk. 
Scales with too many divisions to accord with the conditions laid down in italic type. 


The table is built up as follows in the order given: 


a gives the number of estimated divisions in the full-scale length; possible values are given at, above and below 100. 
b gives the resulting percentage of full-scale value to which the scale will be read. ae : 
d is the number of minor divisions in the full-scale length depending on whether minor divisions are divided by eye into 5 or 4 partsi 

In block rows A, B and C values for the estimated divisions of 0-1, 0-2 and 0-5 respectively are taken and in each of these andr 


is obtained the value of the minor divisions and thence, with the aid of row d, the full-scale value. 
divisions then follow, remembering that they may only proceed in series of 1’s, 2’s or 5’s. 


40, 80 and 15, 30, 60 whilst many are mean values of their 
neighbours. In fact the complete series comes near to having 
a ratio of 1/2 = 1-4 between adjacent ranges and this means 
that alternate ranges go in a ratio of 1:2. Such a 1/2 
series would run 10, 14, 20, 28, 40, 56, 80 with a break to 
start again at 100: the actual run of 10, 15, 20, 30, 40, 60, 80 
comes very near to this and we can think of these as the 
preferred ranges capable of covering all requirements for 
scales on a decimal notation basis (see Fig. 8). It will be 
noted that the 50 scale is not required in any of these arrange- 
ments and so is left out of the preferred series though it is 


Read to 
0 2 4 6 8 10 units % 
coli rl pio weil Os 4 
0 a 10 15 
oUt teq to a pee Ta ated fh wae a 
0 es 5) 10 1S 20 
J UTP ino ral oe 
0 10 20 30 ; 
Yio dt pair a nw i vp os Ke 
0) 10 20 30 40 
Sea aria as WA 
0 20 , 40 60 
Pietra wh utah pei yd | WA 
0 20 40 60 80 


oUt foo Wn i Po aT ) WA 

Fig. 8. Preferred scale ranges: same designs when ranges 

differ by multiples or submultiples of these by 10. Also shown 

is the minimum unit value to which each scale is read by 
interpolation and its value as percentage of full scale. 
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The value and number of 


given in Fig. 7 to illustrate one of the three scales 
accord with the optimum criteria. 
Adoption of these principles and these ranges has 
further practical merit of limiting the number of ¢ 
arrangements that need be manufactured. Apart from) 
numerals on the major marks, several scales are identical 
dividing and five systems of dividing cover all the possibillf 
for the series given: 


Table 2. Preferred ranges and divisions 


No. of major divisions 3 3 4 4 

No. of minor divisions 

between major marks 4 5 4 B 

Fig. 8 1 C, g m e,h ih 
Full-scale value 60 15,30 80 20,407 


We should emphasize that the expression of Eqn (3) der# 
for the optimum 20-division scale should be used in all ¢ 
for determining the scale-base length in relation to | 
reading distance even though, as we have seen above, 
smallest subdivision reading may not correspond to 12% 
full-scale value. Ifthe length were adjusted to suit the nuntl 
of subdivisions this would result in different scale-lf 
lengths and hence case sizes, being required for instrumtf 
to be read at the same distance, an obviously undesir#}) 
feature. It must be accepted that some scales confornt 
the optimum whilst others have to be more open and | 
therefore be more easily read; though these latter coulal: 


as angle subtended at the eye is concerned, yet the dimensi# 
of the scale marks, the numerals and lettering would bectl 
too small since their dimensions are all determined to acad 
with this optimum scale. | 


i 
i 


|) 
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Yot many scales have possible alternative layouts if one is 
seep within the conditions laid down but the 20 (or 200) 
e can be arranged in three ways as shown in Fig. 7, 
ja of these scales having the same number of minor 
juations and therefore read to the same unit value. 
se have been discussed by Murrell (1952), whilst Spencer 
{ Dobbie (1954, private communication to British Standards 
itution) made a special study of these several arrange- 
its: they also included a fourth system which was the 
ve as that of (e,) but intermediate values at 2, 6, etc., were 
)yhasized by elongating these to equal the major marks 
no numerals were placed thereon. They found sufficiently 
ificant experimental evidence to show that there were less 
irs made with the 0, 5, 10. . . system of Fig. 7(e) than with 
| of the others but that the time taken for reading was 
iit for the scale of e,. The greatest number of errors was 
jle with the scale having the emphasized, unnumbered 
ks and similar findings are quoted by Kappauf (1951).* 
icks (1944) states that the reading accuracy is increased 
‘less numerals are used. The evidence therefore is in 
jour of the design of Fig. 7(e) and it may be noted that the 
jman standard DIN. 43802 specifies that the scale must 
contain more than six numbered marks. In view of this 
ence on emphasized intermediate marks these are not 
\rporated in any of the present scales (e.g. on the 10 or 80). 


5. Scale marks, numerals, lettering 


5.1 Scale marks 


jxpressing the relative dimensions of the scale marks in 
ion to the graduation interval, i.e. minor division, the 
ywing values have been proposed from time to time: 
jor the length of the minor marks Sears (1923) held that 
.j should not exceed 1 times the interval: Schultz (1925) 
| that the value should be between + and 4 whilst Randle 
6) also favours 3. A value of 4 seems to be a good one 
idopt. 
_br the length of the major marks Schultz (1925) proposes 
{lue between 4 and 1 times the interval, ie. double the 
4th of a minor mark. After tests on a number of ratios 
| of the graduation interval, ie. 1-7 times the minor 
ix, appears to be the most acceptable. 
lpr the thickness of the minor marks Sewig (1936) recom- 
ds a value of 35 to +5 of the graduation interval whilst 
acceptable thickness of the major marks is 14 times that 
ye minor (Randle 1946). After tests on a number of 
#2s a value of 0:09 relative to the graduation interval for 
‘minor marks and half as much again for the major 
<s appears to be suitable. If it is desired not to emphasize 
najor marks by increase of thickness as well as by longer 
i: h but to use only the latter, the major marks may be 
‘ame thickness as the minors: in this case they will appear 
‘ rather thinner due to their greater length and if it is 
Hed to make them visually of the same thickness about 
may be added to the width. Another method of 
‘aasis of the major marks which is widely used in 
Jinental practice (Sewig 1936, German standard DIN. 
42) is to thicken only the portion extending beyond the 
h of a minor mark. This is a neat way and has the 
> of keeping the graduation intervals all exactly the same 


| , see Fig. 9). : 
jis preferred that a boundary line (arc line on circular 


i, 
iXappauf did, however, suggest using a V-mark over the 
e minor mark if there were ten such marks per major division. 
"however, does not apply to scales of the type being considered 
where none has more than five such divisions. 


} 


) 
i 
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scales) should not be used but if used then only one, placed 
coincidentally with the scale base, should be adopted. 
Scales have a cleaner appearance and are at least equally 
readable without boundary lines: this, incidentally, has 
always been normal Continental practice. 


0 50 100 150 200 250 
Miceli (1 1+ 1 Maia erigealmer 


Fig. 9. Example of Continental scale. 

Expressing these ratios in terms of our basic dimension, 
the scale-base length, having the optimum of 20 minor 
divisions, we arrive at the following actual dimensions per 
inch of scale-base length, thus making the task of drawing 
up a scale of any length, to suit any reading distance, an 
easy one. The dimensions apply to all the scales discussed 
in Section 4 even though they cannot accord with the 
optimum in number of minor divisions. 


Table 3. Dimensions of scale marks 


Per inch of scale-base length 


Thickness (in.) Length (in.) 
Minor mark 0-0045 0-025 
Major mark 0-005 0-042 
or 0:0067 
Boundary line (if used) 0-002 


The increased length of major marks should be disposed 
in a direction away from the index so that the ‘inner’ ends of 
all scale marks, major and minor, lie on one line. 


5.2. Numerals 


The subject of numeral design has received extensive 
attention for instrument dials, for road traffic signs, for car 
number plates, and for radar plotting rooms. The conditions 
of reading are obviously different in each of these cases: for 
example in radar plotting rooms an oblique angle of viewing 
is involved and for this Mackworth (Bartlett and Mackworth 
1950) designed the numerals of Fig. 10(@): on car number 


12345 
67890 


12545 
6/870) 


Fig. 10. Design of numerals. 
(a) Mackworth, (6) Berger. 


plates all combinations of numerals occur and the time of 
observation may be extremely short and for this Berger 
(1944) proposed the angular type of numerals of Fig. 10(d). 
It is considered that, with the type of instrument and con- 
ditions of reading with which we are dealing, it is not neces- 
sary to adopt the somewhat exagerated designs of these two 
workers. However, no existing set of numerals fitted all the 
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characteristics that they should have to accord with the 
findings of several workers who have studied numeral 
legibility, so a set has been designed for the British Standards 
Institution as shown in Fig. 11: this set attempts to have all 


12545 
67890 


Fig. 11. Design of numerals B.S.I. patterns. (By courtesy of 


British Standards Institution.) 


the attributes, to be aesthetically pleasing, to be very legible, 
to be of such a height-to-width ratio that too much dial 
space is not occupied, and to be capable of being used for 
printing or engraving processes. The copyright exists with 
the B.S.I. but copies are freely available for photographic 
reproduction; the numerals have also been so designed that 
they may be constructed with ruler and compasses if it is 
desired to lay them out on a master. 

The general ratio of height to width has been chosen 
between 1-3 and 1:8: 1 depending on the actual numeral 
with an average of about 1-5 : 1 except for the 1, which is 
obviously different. Recommendations given by other 
workers are: Berger (1944), 1-9 : 1; Bartlett and Mackworth 
(IOSO), Whoth Ss the Arona), Weal oils Gyorie (iI@aiseyy, esis I 

The stroke width adopted is about 13-5% of height of 
numeral. Recommendations have been 5% (Trotter 1916); 
8-13°% (Berger 1944); 14% (4) (Bartlett and Mackworth 
1950); 20° (4) (Kuntz and Sleight 1950). 

Laurie, McCarthy and Murrell (1951) reported that their 
practised observers were able to read scales with reasonable 
observational accuracy at distances greater than those at 
which they could read the numerals on the dial. They per- 
formed a separate experiment on the Mackworth design of 
numerals which they used and confirmed this view. They 
then established the relationship between numeral height and 
reading distance at which all-correct readings of the numerals 
were obtained: a figure taken from this is 0-31 in. at 12 ft 
distance, i.e. approximately four times the critical length of 
the interpolated scale division (see section 3).* We have 
already determined that this is 0-010 in. per inch of scale-base 
length for the optimum scale (100 estimated divisions) so the 
numerals work out as 0-040 in. per inch and this is the 
most acceptable value: it ensures that numeral dimensions and 
scale mark dimensions are well correlated (this is approxi- 
mately equal to the length of a major mark). Some variation 
between 0-035 and 0-045 in. is allowable to cater for cases 
when there is a large number of numerals on the dial, or a 
small number, respectively. The spacing of digits forming a 
numeral of more than one digit is important and these are 
decided by the designer of the numerals for any combination 
of digits. 


_* Craik’s (1941) value of 0-312 in. for reading at 23 in. on 
aircraft instruments (white-on-black) at very low levels of 
illumination would obviously give numerals far too large if 


extrapolated to larger reading distances and other conditions of 
viewing. 
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Numerals should be so located in relation to the 
that a prolongation of the major mark would pass thrijye 
the visual or geometric centre of the complete nun} 
Numerals should only be placed at major marks anf 
located on the side of the scale remote from the index 
ever possible: an exception would be the part-circle | 
where it was desired to reduce the case size as muc|f 
possible. In this case the numerals would be ‘inside i 
scale and some obscuration by the index will occur. 

The numerals should always be oriented in the no} 
viewing position and not tangentially to radial marks (SiR 
1936, Randle 1946). Not more than 3 digits shoula|} 
used in groups forming the numerals with the exceptic 
the scale maximum value when 4 may be used (Raj 
1946). 


5.3. Lettering and other markings 


After the scale, the index and the numerals the 
important marking on the dial is the unit designation, , 
is the indication of the units in which the instrumey§ 
reading. The standard abbreviations of BS 1991 shoul 
used (British Standards Institution 1954), e.g. Ib/in?, 
A, ft, etc., and these should, if possible, be placed o 
the area swept by the pointer to avoid any form of) 
traction: note that many of these are printed in lower: 
characters. 

In this latter respect also, other marks such as trade m3 
maker’s name, serial number, test information, etc., sh 
never appear on the main area of the dial: they can 
veniently be printed in small type near the edge of thei} 
so that they are not visible at the normal viewing dist: 
The general aim throughout should be to keep the 
swept by the index clear. 

Gill Sans type is suitable for the unit designation anc 
size chosen should correspond with the numerals in heijf 


6. Indexes (pointers) and viewing angle 
6.1 Indexes 


In this class of instrument the index has the dual funs 
of indicating a precise location against the scale whils#' 
being easily and quickly visible; the eye must be led td 
index tip (Vernon 1946, Loucks 1944, Naylor 1954). |} 
comply with the former the actual tip, adjacent to the 
should have a width about equal to that of a minor 
(Murrell 1951, Randle 1946). The index often overlaps 
scale but it should not do so by more than one-thirg 
length of a minor mark. In ‘platform’ scales, however, 1 
can be no overlap and the index point stops short of 
ends of the graduation marks. With this type of scale eff! 
of parallax are eliminated but, unless the gap betwee | { 
index and scale marks is kept small, another source of | 
may be introduced due to the necessity for visual projedft 
of the index tip on to the scale. 

Circular scales may have taper indexes (pointers) ojf 
parallel-sided with reduced section tip and these fulfill 
functions mentioned. The pointer should never pr} 
backwards on to the opposing section of the scale: this J} 
to great confusion in reading and observations on this } 
noted particularly by Vernon (1946) and Loucks (1% 
Since straight scales have not the length of index thi 
circular scale has, the width of the relatively short il 
will need to be increased to provide the area necessarWy) 
emphasis. 

Not much work has been published on indexes and 
of it is very conclusive. For example, in circular s 


)) 
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; sth-to-width ratios varying between 8 : 1 and 36:1 have instrument with scale designed to take account of many of 
aia quoted (Loucks 1944, Senders, Webb and Baker 1955) the desirable features which have been discussed above. 
{more or less equally acceptable though these represent 

|tively thick and thin pointers respectively: a value around 

'1 might therefore be used as a guide but no more than 9. Summary of principal features 

Nowadays the use of spades, crescents and other 
‘pellishments on pointers is deprecated as they may lead 
‘Yonfusion and gross errors of reading especially if numerals 
hidden by the index. 


For industrial type instruments or measuring devices, in 
which the general order of accuracy is to around | to 2%, 


{he angle at which a scale is viewed and the index separation \ O 7 

2 obvious bearing on the accuracy of reading a scale and \ 

e have been studied by Cohen, Vanderplas and White 7 
'3). Their findings are that with the index in contact with > \ 

scale, i.e. no parallax, the errors in reading increase as 

‘}cosecant of the angle of viewing decreases from the Re, 

‘(nal of 90°. There was thus a slow rate of change between 5 O | 5 O 
and 50° but thereafter the graduation marks appear to , 
‘te closer together and the errors increase rapidly until at 

the errors have been doubled. When the pointer is set 

{rom the dial, so that additionally parallax is present, the ess 

ye general law holds but the angle to which observation 

‘td go before rapid change set in was now only 70°, the 

|rs having doubled at 65°. Various spacings between -_ 


‘yx and scale were used and the above figures apply to 
‘nal spacings: the index should therefore be as close to the yA O > 
> as practicable. \ 


Fig. 12. The optimum design of scale meeting the recom- 


: ; : yx ees 
Maximum contrast is required between the scale marks, mendations laid down (with numerals, however, ‘inside’ scale 
to reduce size of case). This scale, as reproduced here, can 


juerals and index, and the dial face. For normal usage be read at S$ ft) 
/k markings on a white (or off-white) ground provide this 
when viewing by dark adaptation the reverse arrangement ee ee 
Id be adopted. Little difference has been found (Kuntz the best designs for scales resulting in the greatest legibility 
i) Sleight 1950, Naylor 1954, Soar 1955b) between these and observational accuracy result from the following: 
) as far as legibility is concerned if the dimensions of the 1 jyinor divisions and interpolation 
@xings are made thinner in the case of white-on-black. Do not overcrowd the scale with graduation marks. 
)the normal black-on-white the panel on which an instru- Observers to subdivide by eye a minor division into not more 
| t is mounted should have a reflection factor intermediate than five parts: let each of these parts be as near to 1% of 
veen the dial and the general surroundings. full scale as possible, never less. The result is that the 
Jae bezel surrounding the dial should not be unduly  6ptimum total scale length would contain 20 minor divisions. 
§ninent, should not be of polished metal or highly reflect-  ggme small departures from this are necessary to accord with 
joaint and in fact might well be of intermediate colour or preferred numbering systems (see No. 3 below). 

ictance between that of the panel and the dial (Murrell 


'). If black is used it should be matt and the bezel should 2. Major divisions : ipa ‘ 
Beer ow to avoid any ‘heaviness’. Arrange the major divisions so that they comprise not 


ne index will be the same colour as that of the scale more than five minor divisions: in some cases four is correct 
b<ings to establish preferred numbering systems for the minor marks 
e s 


(see No. 3 below). 


3. Numbering systems 

Use numbering systems proceeding only in 1’s, 2’s or 5’s 
‘ig. 8 has illustrated the general layout of the scales: these for the major marks, the minor marks, and the estimated 
% been set out on a straight-scale basis. Many modern subdivisions of the latter: do not use 4’s and never 1-5’s, 
guments employ part-circle scales of about 270° angle 2°5’s or 3’s. 

4 the numerals placed inside the graduations, this being Ae Position ot nnneral undanaien marks 

mo oe ies Be nae as oases sir le Place numerals and elongated major marks on that side 
4 a scale based on the findings discussed 1 : : . 

Mithe 200 scale which is one of those that completely fits of the scale remote from the index whenever possible. 

ihe premises set out. Lastly, in Fig. 13 a comparison 5. Numbered marks 
veen two actual instruments is given to show the difference Number all major marks and do not use emphasized 
teen the old design of scale with its excess of graduations, intermediate marks. Do not have more than six major 
jole arc lines, extraneous matter on the dial and a modern marks in the total length of scale. 


6.2 Viewing angle \ | / 


7. Colouring 


8. Examples 
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6. Boundary lines 

Do not use boundary lines (arc lines in circular scales). 
If there is some reason to do so employ one only, never two, 
and place this on that side of the scale nearest to the index. 


7. Direction of increase in scale value 

Scales to increase in value in a left-to-right, upwards, or 
clockwise direction, depending on the type of scale, Do not 
use full-circle scales. 


Bigaals: 
pattern; 


Examples of actual 
(b) new pattern. 
chester) Ltd.] 


Though the modern scale shown does not follow all the 
features discussed, the great improvement is readily apparent. 


instrument scales: (a) old 
[By courtesy of A.E.I. (Man- 


8. Reading distance and scale-base length 


Relate total length of scale (L in.) to reading distance (D ft) 
by the relation 


Dy == NOL, oie = Dye ah 


9. Dimensions of marks 

Relate all dimensions of the graduation marks to the scale- 
base length (derived as in No. 8). This ensures correct 
proportioning for any reading distance and size of scale. 
The scale may be arranged in different configurations (e.g. 
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straight, sector, part-circle) but the dimensions are the 


for all. Dimensions are: 
Per inch of scaie-base length | 
Thickness (in.) Length (in.) | 


Minor mark 0:0045 0-025 

Major mark 0-005 0-042 
or 0:0067 

Boundary line (if used) 0-002 a 


10. Scale ranges 

Avoid a multiplicity of scale ranges. For decimal nota 
the following preferred ranges should cover all requireny 
each having approximately a 1/2 = 1-4 ratio to its 
decessor: 10, 15, 20, 30, 40, 60, 80 and start again at) 
with multiples and submultiples of these by 10. 

These scales are illustrated in Fig. 8 and the resuj 
economy in design is given in Table 2. They have |} 
built up to incorporate all the above recommendations. 


Digits in numerals and units of measurement 
tas more than three digits should be used in groups fa 
ing the numerals with the exception of the top mark o 
scale when four may be used. For higher range instrum 
different units should be chosen with the object of red 
the number of digits and to avoid completely the us 
multiplying factors which can easily lead to ambiguity: ' 
such as kv, yz in, 1000 ft, assist in this respect. 


12. Design and size of numerals 

Use numerals of B.S.I. design illustrated in Fig. 11 
height 0-040 in. per inch of scale-base length. Variatia 
this value between 0-035 and 0-045 in. allowable depen} 
on the number of numerals on the dial. 


13. Unit designation and other markings 

For unit designations use the abbreviations of BS 1 
lettering in a sans serif type and of height equal to th 
the numerals. Place any such lettering clear of the 
swept by the index. 

All other matter to be excluded from the dial face} 
essentials may be printed in small type near the edge o 
dial so as not to be visible at the normal viewing distand 


if 


> 


Al 


14. Indexes, viewing angle, colouring 
Take due note of the comments given in sections 6 af 
regarding indexes (pointers), viewing angle, colouring. 
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Abstract 


The action of two etchants on magnesium oxide has been 
studied. Etch pits, pyramids and hillocks may be pro- 
duced and both etchants dissolve away the crystal surface. 
Activation energies for dissolution are estimated and the 
etching processes discussed with particular reference to 
dislocations and impurities. 


1. Introduction 


HE two etchants used in this investigation have been 

used by other workers (Stokes et a/. 1958, 1959a) to 

reveal dislocations and to polish crystals. In early 
experiments using these etchants various etch figures not 
previously reported were observed by the authors and, since 
these might have a bearing on their use to study dislocation 
movements in magnesium oxide, it was thought desirable 
to study the processes in more detail. The polishing medium 
may also be used to obtain very thin magnesium oxide plates, 
say 100A thick, for transmission electron microscopy or 
spectrophotometric investigations in regions of high optical 
absorption. Hence a knowledge of dissolution rates is 
important and details of these have been recorded. 


2. Experimental details 


Solution A: saturated ammonium chloride and concen- 
trated sulphuric acid in equal parts. 
Solution B: 88°% orthophosphoric acid. 


Other proportions of the constituents of solution A have 
been used, but it was found that equal parts of each gave the 
best defined etch pits. 

Differing temperatures for etching were obtained by 
placing the beaker holding the etchant in a Townson Mercer 
constant temperature bath maintained within +0-1°c. To 
give reproducible results it was necessary to have the etchant 
continuously stirred. 

The thicknesses of material removed by various treatments 
were measured on a Sigma comparator (Sigma Instrument 
Co. Ltd., Letchworth, Herts.) in a constant temperature 
room, maintained at +0-1° c during the periods of measure- 
ment, and were reproducible to 3 « 10~° in. 

Photographs were taken under various lighting conditions 
on a Vickers projection microscope. The magnesium oxide 
used was 99:8°% pure (for a typical analysis, see Clarke 


(1957)). ke, 


; i On attachment from Atomic Energy Establishment, Trombay, 
ndia. 
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3. Experimental results 


Solution A. It has been established by Stokes, Johns} 
and Li (1958, 1959a) that this etchant (in slightly diffe: 
concentrations of component chemicals) reveals dislocat: 
and this has been confirmed during the present work. 


Fig. 1. 


(a) Etched in solution A for 1 min at 68° c. | 
(6) Etched in solution A for $ min at 110° c. 


Typical etch patterns produced by solution A. 
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\The size and shape of etch pits are temperature dependent 
d, at the higher temperatures of etching, hillocks are pro- 
ced on the surface which are not associated with pits. 
\pical variations of pits and hillocks are shown in Figs 1(a) 


and (6) after immersion in solution A for times of one minute 
and half a minute at 68 and 110°c respectively. If such etched 
crystals are now cleaved along a plane orthogonal to that of 
Fig. 1, wherever this new plane cuts through an etch pit or 


(a) 


Fig. 2. Profiles of etch pits and pyramids produced by 
solution A. 


(a) Etched in solution A for 1 min at 68° cand cleaved to reveal 
two pit profiles. 


(6) Etched in solution A for 4 min at 110° c and cleaved to 
reveal pyramid profile. 


oo 
van c= 
= < 
1 Q 
e) v 
vu & 
= = 
2 = 
Z 52 
5a a 
a 
Oo 5 10 15 20 25 30 35 ie) 5 . ' 10 
Time Cmin.) Time min.) 
(a) (b) 
20 
ae 
& 
HeeG 
30 fe) 
wy 
C <= 
£ = 
nf = 10 
> 
ize 20 
fe) 5 
LU a 
iS 
2 S 
= 10 
5S 
a 
° ° 40 60 
re) S : 10 [@) 20 i 
Time cmin.) Time (s) 
Ge) (d) 


Fig. 3. Increase in pit width with time of etching in solution A 
at various temperatures. __ ; 
(a) 30°c. Slope, 4:35 x 10-5 in./min. 
(b) 50°c. Slope, 1:9 x 10-4 in./min. 
OEE Sore, B35 X 10-4 in./min. 
(d) 95° c. Slope, 1:66 < 10-3 in./min. 
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hillock the profile is revealed. Typical profiles corresponding for both etchants A and B. The rate of dissolution incr} 
to the treatments appropriate to Figs. 1(a) and (b) are given with temperature, and is constant at any given temperajf 
in Figs. 2(a) and (6). up to 95° c, but somewhere between 95 and 125° c the}}f 
The increase in width of the pits with time of etching is starts to vary with etching time as shown on the graphy 
linear up to 95° c at least, and Fig. 3(a-d) shows graphs of 125° c (Fig. 4). | 
Solution B. Etch pyramids are produced by this etc) 
and in contrast to the hillocks produced by etchant A jj 
shape is independent of temperature up to 125° c. Fil] 

shows photographs of the etch pyramids. The top jjf 

gives a plan view of the etch face as revealed by incident | 

illumination. The lower part shows an orthogonal pli 

cleaved after etching to reveal the pyramid profiles. 

pyramids at the bottom edge of the top photograph ca}; 

spond to those of the bottom photograph, but viewes 

plan; corresponding pyramids are joined by arrowed lini 

The change in width of the pyramids with time of etc} 

at any temperature is not constant. A typical pattern is), 

the pyramids initially increase in size to a maximum and | 

mn decrease and finally vanish, leaving a small depression in 

z surface. The actual position of the pyramids on the pf 

ae of etching varies very slightly as the surface is gradu 
at | 
| 
1 | 


40 


7) 
{e) 
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Fig. 4. Removal of magnesium oxide surface in solution A 
at different temperatures as measured with a comparator. 


Ss IE, Orsi OHS marypanvnay: 
= 50%, 2-7 < 10> in. /min: 
= IEG, Wes} OHS tiny ionvin. 
= 952 0,420) 10-4 in. /min: 
= 25>@ frome” 1054 to 2-58 L0scine/ min 


x © 1S oe 


width of pits against time for temperatures of 30, 50, 70 and 
95° c. The ratio of pit width to depth is difficult to determine 


accurately, but is approximately fifteen for temperatures up 

to 95° c. This ratio probably increases slightly with time. 
This solution sometimes produces pyramids identical in it 

shape to those produced by solution B at all temperatures, 


as described in the next sub-section. This process of pyramid 
formation in both solutions is being separately investigated 
at the present time, and it appears that the production of 
such pyramids depends upon the crystal used and is asso- 
ciated with impurities. The pits, however, seem to be 
produced by solution A on all crystals. 

Macroscopically the etchant dissolves away the surface, 
and Fig. 4 is a graph showing thickness dissolved away 
against time of etching, the thickness measurement being 
made on a Sigma comparator as already described. Measure- 
ments could not be made for etching times beyond a few 
minutes at the higher temperatures, since the surface of the 
crystal then became very uneven, with large pit formation. 
The etching rates at various temperatures are given in Table 1 


Table 1. Etching rates at various temperatures for both 


solutions 
Cbs Fig. 5. Pyramids produced by solution B viewed with 
Temperature of solution (-c) 25 50 We 95 25 plan and side elevation. The crystal has pee echo 
solution B for 20 min at 60° c, and has then been cleaved. 
Etching rate (10° in./min) top phoieeace gives a plan view of the etched crystal fal} 
Selena 032-7 3 AO 402-5 near the cleaved edge, and the bottom photograph gives a si 
setae eon view of those pyramids cut by the cleavage plane. The pla i 


fe i7/e5)  i/ets of this photograph is in the cleavage plane. 
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MAGNESIUM OXIDE SINGLE CRYSTALS 


350 Time of etching(min.) 


>=— Depth polished away Cin.) 


2x10° 15x10 


Fig. 6. Treatment in solution B. Width of pyramid is plotted 
against time of etching and depth polished away. 


ed away. The maximum size to which individual 
‘amids grow has been observed to be between 10-4 and 
x 10-3in. A typical experiment is represented by Fig. 6, 
ereon is plotted the pyramid width against time of etching 


| (b) 
pis. 7. Differing arrangement of pyramids produced by 
solution B. ; 
1) Pyramids produced by etching in solution B for 20 min at 
} 60° c. 
Jy) Same treatment as above and pyramids are arrayed along 
( <110>. 
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and depth of surface actually polished away. The latter 
parameter is deduced from the former with the aid of data 
given later. Apart from occurring randomly over the 
surface as shown in Fig. 5, pyramids also occur in lines as 
shown in Fig. 7(a). Sometimes, but not invariably, such 
lines are associated with sub-grain boundaries. Lines of 
pyramids roughly along <110> directions are also observed 
as in Fig. 7(6), but these do not represent dislocations as 
revealed by etchant A. 

The individual pits formed by etchant A merge to form a 
channel along a densely populated slip band (e.g. Clarke 1959). 
Such a densely packed row of dislocations is sometimes 
revealed by etchant B after long times of etching. For 
example, the lines shown in Fig. 8(a) only showed up clearly 
after 40 min at 60° c (i.e. after removal of about 3 x 10~? in. 
of surface), and the lines were so shallow that, on cleaving 
through them as before, no pit profile could be seen at 
magnifications up to *2000. Subsequent etching with 
solution A for 1 min at 70° c showed the typical slip pattern 
of Fig. 8(4). The dislocations revealed on this picture are 
mainly edge components; however, there are screw com- 
ponents (arrowed) which are not detectable on Fig. 8(a). In 
these experiments no screw components have so far been 
revealed by etchant B. The absence of pyramids from 
Fig. 8(a) is pure chance and is not associated with the long 
etching time. 

Only one obvious connection has been observed between 
the pyramids produced by this etchant and the dislocations 
revealed by both etchants, This is shown in Fig. 9. Such 
observations are rare and the pattern may result from 
touching the pyramid tip lightly, thus causing a stress con- 
centration at its base. The authors have not been able to 
check this unambiguously by deliberate handling because of 
the fragility of the pyramids. However, the pattern is so 
like that of rosettes produced by indentation (Stokes ef al. 
1959b) that this explanation is attractive. 

Macroscopically solution B also dissolves away the surface 
and Stokes, Johnson and Li have used it as a chemical polish. 
Fig. 10 is a graph of thickness dissolved away against time 
of etching, the thickness measurement being made as before. 
The rate of dissolution increases with temperature and, in 
contrast to solution A, is linear at any given temperature up 
to 125° c, the limit of measurement. The etching rates at 
various temperatures for both etchants are compared in 
Table 1. At temperatures above about 130° c the surface 
dissolves away without pyramid formation. 

Identification. Solution A undoubtedly reveals both edge 
and screw dislocations (Stokes et al. 1958, 1959a, Clarke 1959) 
for temperatures up to 95° c. It is quite clear that when the 
pits are positioned along slip directions, and can be observed 
to move and increase in number as the crystal is deformed, 
then they arise at dislocations. However, it is not so clear 
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that randomly occurring pits, such as those of Fig. 1(a), relative to the microscope, by permanently fixing} 
represent dislocations. Some of the characteristics of these crystal to a jig and accurately positioning the} 
pits are: This ruled out the interpretation of characterist) 
(i) as far as has been followed by successive etching (up __ that the pits could represent all eae see | 

to distances of 7 x 10-3 in.) their apexes occupy the (iv) if pair-faces of a cleaved crystal be compared, 


: 2 | 
same relative positions on the crystal surface as the proportion of the etch pattern appears on both f 


etching proceeds. They do not appear to close, as 
one would expect of a loop. Gilman and Johnston 
(1957), for example, found closed loops in lithium 
fluoride at less than this distance from the surface; 

(ii) they are not moved by stresses, nor do stress activated 
dislocations interact with them; 

(iii) solution A will etch both edge and screw dislocations 
(see Fig. 8(b)). If the random pits represented 
dislocations then, because of (i), they must be pure 
edge dislocations. Care was taken during the experi- 

nents to locate the crystal surface in the same position 


Fig. 9. Photograph illustrating a connection between t 
pyramids and dislocations. Etch figures revealed by tre 
ment in solution B for 20 min at 60° c. 


The authors do not consider it proved, therefore, that 
etch pits arise at dislocations. 

The high-temperature hillocks were not studied in 
detail, but it is doubtful if these reveal the position of dt 
cations, since subsequent etching at lower temperatures s 
no correspondence between pits and hillocks. The shelli] 
shapes arrowed in Fig. 1(b) are small hillocks. 

Solution B produces very regular pyramidal shapes 
are also produced, though not so numerously, by solutio} 
It has been noticed that these pyramids occur in gr4 
numbers on impure crystals, and on these grounds they 
assumed to be associated with impurity deposits in 
crystals. The growth of these pyramids reaches a maxin 
size, and so the process can be followed rather deeper | 
the crystal than with the random pits of etchant A will 
quickly overlap, thus making the subsequent following} 
an individual pit very difficult. Pits and pyramids genes 
form on different parts of the crystal face, and so 
probably represent different crystal imperfections. 


4. Discussion of dissolution rates ip 


From Figs. 4 and 10 it is possible, by plotting dissol 
rate against reciprocal absolute temperature, to ots 
activation energies for the dissolution process, and this ty 
been done in Fig. 11. The activation energy for dissol j 


(b) in respect of solution A is 0-65 + 0-02 ev and for solutial 
is 0-45 + 0:03 ev, both below 95° c. 
Fig. 8. Etch patterns revealed by solutions A and B used Boe the data given, the rates of surface dissolunaa 
successively on the same part of the crystal. etch pit growth can be compared. If one divides the - 
(a) Solution B, 40 min at 60° c. cesses between (i) the rate of surface dissolution, Rg. be 
(b) Solution A, 1 min at 70° c. the pits overlap, and (ii) the rate normal to the surfacd} 
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ich the pit centre moves into the crystal Ry, then these 
|ntities are related to the apparent rate of increase in pit 


the x =ratio of pit width to depth, assumed constant 
> Rs for etch pit growth to occur, and if we take 
= 0-51 x 10-%in./min, Rp = 4°35 x 10-5 in./min, both 
0° c, and k = 15 then Ry = 0°8 x 1075 in./min. 


40 


20 30 
Time Cmin.) 


Jj;. 10. Removal of magnesium oxide surface in solution B 
T at different temperatures. 


O = 25°c, 0:56 x 10-5 in./min. 

+= 50°c, 2:60 x 10-5 in./min. 

== WSC; 121) s< WOSoinypentias 

© = O5° Cy Wy S< Ohne /ponviny: 

esl 25n Gali 10 sine min: 

Table 2. Various etching parameters 

iM rature Rs R 3 Re Ry 
WC) (in./min) 
(0 Stale? — 4-35. 1033810 
0 = De 10 19 10-4, 
15 a= 6-9" 105 -3°3650 10-7 
15 — AOS l0me 1566 108°) — 
+s = rate of surface dissolution, away from etch pits. 
+s = rate of surface dissolution after etch pits overlap. 
a = apparent rate of increase in pit width before pit over- 
i lapping. 
y = calculated rate of movement of etch pit apex into crystal 


and relative to some point fixed in space. 


42 behaviour of Rp with increasing temperature (Table 2) 
fates that Ry will also increase with temperature. Now, 
4 is the rate of surface dissolution measured after pit 
tapping, then since (i) Rx > Rs prior to overlapping, and 


1; should be more closely controlled by Ry as a surface 
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contour equilibrium is reached, Rg will be greater than Rg 
at any temperature. But the linear relationship of Fig. 11 
is drawn through points determined largely by the pit-over- 
lapping condition, and so the pre-overlapping points also 
included might be expected to lie below the straight line, as 
they do on Fig. 11. 
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Fig. 11. Plot of log dissolution rate against the reciprocal of 


temperature for various processes. 


If Ry — Rg = 0, one would expect Ry at 30° c to be on 
the straight line. This does not occur (the exact position of 
Ry as calculated above is shown on Fig. 11) and would seem 
to indicate that the lattice disturbances giving rise to Ry > Rs 
were not present in sufficient density, or were not individually 
effective over a wide enough surface area, to make Ry control 
the dissolution process completely. 


5. Conclusions 


The action of two solutions in etching single crystals of 
magnesium oxide has been studied. 

Solution A: produces pits, hillocks and pyramids. The 
pits are produced in the temperature range 20-95° c and 
reveal dislocations. They may also form on random parts 
of the crystal surface. The hillocks are produced at tem- 
peratures above 95° c, but were not studied in great detail. 
The pyramids are produced in the temperature range 20-125° c 
and probably form at impurity sites. This solution also 
polishes away the crystal surface and the activation energy 
for this process is 0-65 ev. 

Solution B: produces pits and pyramids. The pits are 
indistinct compared with those produced by solution A and 
reveal edge components of dislocations. The pyramids are 
identical to those produced by solution A. The solution is 
primarily a chemical polish for magnesium oxide and the 
activation energy for this process is 0:45 ev. Dissolution 
without pyramid formation occurs above 130° c. 
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Abstract 


A pulse method is proposed for measuring Kerr’s effect as 
produced by a single saw-form electric field pulse of a 
duration of 5 x 10~> sec. The method served for 
investigating the electro-optical birefringence of liquids 
whose conductivity was so high as to rule out the use of 
static methods of measurement. 

Kerr’s constant was measured in o-nitrotoluene, 
m-nitrotoluene and nitrobenzene, these liquids presenting 
a conductivity ranging from 10~7 to4 x 1071! Q-! cm. 


correct results if the medium exhibits low conductivity 
of the order of 10~-!! Q-!cm~!. If the method is 
used for liquids of higher conductivity, the results obtained 
are vastly inaccurate, as the d.c. electric field on the plates 
of Kerr’s cell gives rise to ionic space charges and to a non- 
linear field gradient between the electrodes. Joule’s heat is 
another factor adversely affecting the accuracy and in some 
cases rendering measurement impossible. 
This is exemplified by the results obtained by Hehlgans 
(1929) with nitrobenzene of various degrees of purity: 


T: static method for measuring Kerr’s constant yields 


Table 1. Kerr constant of nitrobenzene by static method 
(Hehlgans 1929) 


A = 546 mys: t= 20°C 


Goon Kerr constant 
—lem— B x 105 
atte 4-] 
2510s pee 


At considerable conductivity, the static method is seen to 
yield a value of Kerr’s constant in nitrobenzene that is by 
almost 50% lower than the correct one. 

To lower the conductivity, the liquids are carefully purified. 
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However, there are dielectric liquids whose conduct 
cannot be satisfactorily reduced by any means. 
In applying the pulse method for measuring Kerr’s- 
stant, the effect of the conductivity is eliminated and co 
results are obtained even if the latter exceeds 10~7 QQ! en 
Hitherto, the pulse method was applied by Benoit ( 
and later by Goodwin (1956), as well as Klages and K 
(1957). These authors used rectangular electric pug} 
Benoit obtained them by a mechanical method. The prafi 
authors applied saw-tooth pulses, with the voltage rij 
suddenly and falling linearly during approximately 107+ 
Thus, Kerr’s effect was made accessible to observatios 
an oscilloscope screen as a function of the variable} 
strength. The differences in phase obtained exceeded 
at smaller values of the latter, the analyser was initiall 
at a bias angle, yielding an illuminated field of vision. 
method is described in detail as applied to Faraday’s 
by Matecki, Surma and Gibalewicz (1957), and by Pie 
and above-mentioned co-workers (1957). 1 
The method of measurement is shown in Fig. 1. Vol 


Fig. 1. Block diagram of device. 


Ls, luminous source; C, condenser; F, interference filte 
P, polarizer; Ke, Kerr cell; A, analyser; Ph, photomultiplia 
T, trigger source; O, oscilloscope; Pg, pulse generator. 


}m a pulse generator is applied to the electrodes of a Kerr 
\l. The pulse generator works on the principle of discharg- 
\ an artificial line consisting of two equal LC type elements 
er a mercury S 15/402 thyratron and the cathode resistance 
‘hosen so that the voltage across it shall fall approximately 
jzarly with the time from a value of Up, to U = 0. The 
item was controlled by an EC 50 thyratron. 

The planes of polarization of two crossed Glazebrook 
4sms are set at an angle of 45° with respect to the direction 
ithe field. A d.c. fed 100 w bulb, of the type usually used 
| projection, provided the luminous source. On passing a 
idenser and interference filter transmitting a wavelength 
A = 547 mp, the light beam entered the Kerr cell, to 
ceed by way of the analyser to a photomultiplier. The 
iations in light intensity due to electro-optical bire- 
gence were displayed on the double beam oscilloscope 
2en and registered on a photographic film. The second 
m of the oscilloscope simultaneously registered the 
tage pulse. Kerr’s constant was computed from the 
mula 


B 
B= 57380° £2 


ere B denotes the difference in phase between the ordinary 
1 extraordinary beams, in degrees, E the intensity of the 
jse electric field in e.s.u. and / the effective length of the 
irr cell in cm. 

“he method described in the foregoing papers (Matecki 
jul. 1957, Piekara et al. 1957) was adapted to measure the 
jise difference 6. The latter was computed from the 
illograms, using the following formulae. If §, the phase 
erence measured, exceeded 180°, then 


B=n7r+2¢ 
Or sins nih), 
lh Amax Standing for the maximum deviation of the oscillo- 


ijph spot corresponding to a phase difference of 7 or its 
iltiple nz, and n being an integer (1 in Fig. 2, 2 in Fig. 3, 
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3 in Fig. 4); A is the deviation corresponding to a phase 
difference of 246 = 6B — nz. 

To measure phase differences of less than 180°, a quarter- 
wave plate, one neutral axis of which was in the direction 
of the polarizer, was placed before the analyser which was 
rotated by a known angle © previous to measuring the 
electro-optical birefringence. The difference in phase was 
computed from the oscillograms (Fig. 5) by the formulae 


a=%+O0 
% = sin~'[(hy/Ao)'/? sin ®], 


Fig. 3. Oscillogram at phase difference 6 > 180° and n = 2. 


Fig. 4. Oscillogram at phase difference 6 > 180° (= 540°) 
and n = 3. 


Wig. 2. Oscillogram at phase difference 6 > 180° andn = 1. Fig. 5. Oscillogram at phase difference / < 180°. 
1 Table 2. Kerr constant of some polar liquids by pulse and static methods 
Liquid Conductivity Kerr constant Author Method 
(Q-1 em-!) B x 105 
o-nitrotoluene 6 x 10-8 202 Present authors pulse 
f 10" 2:09 Gabler and Sokob (1936) static 
m-nitrotoluene 410" yO) Present authors pulse 
2c 10n* 2:16 Gabler and Sokob (1936) static 
nitrobenzene 4 x 10-1! — 10-7 3-74 Present authors pulse 
. a 10" 3-74 Miller (1931) static 
| 203 510-3 3-86 Hehlgans (1932) static 
il Os 5Cn0 4-03 Gabler and Sokob (1936) static 
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where a = 4 is the angle subtended by the direction of the 
vibration on having passed the quarter-wave plate and that 
of the polarizer, while Ao and Ay are the deviations of the 
oscillograph spot corresponding to the angles ® and ¥%, 
respectively. 

The voltage across Kerr’s cell was determined from the 
oscillograms using the scaling characteristics of the oscillo- 
scope. The effective length / was determined with CS,, a 
liquid of known Kerr constant. 

The method was used for measuring Kerr’s constant in 
o-nitrotoluene, m-nitrotoluene and nitrobenzene. The con- 
ductivity of the liquids ranged from 10~7 to 4 x 10-1! Q-! 
cm—!. The results obtained are given in Table 2. 

The values of Kerr’s constant as obtained for the foregoing 
liquids are in good agreement with those obtained by Gabler 
and Sokob (1936) and Hehlgans (1932) by the static method 
when using liquids of a conductivity of the order of 
10-4! O-! em -!, 

Table 3. Kerr constant of nitrobenzene of different 

conductivity by pulse method 


A= 547 mp; t ~ 20°C 


Conductivity Kerr constant 


(Q-1 cm—}) B xX 105 
40105 SoU 
eed Ore 3-76 
6a 0 373 
8 Se10- BO 
1321057? 3-78 


To check the effect of conductivity on the results obtained 
in measuring Kerr’s constant by the method described, the 
latter was measured in nitrobenzene of various degrees of 
purity. Table 3 gives the results obtained. 
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it 
\| 

The above values of B, as well as the values of B? 
o-nitrotoluene and m-nitrotoluene, are the averages fij/? 
several measurements, the mean deviation amounting}| 
+ 0:06. 

It is seen from Table 3 that, as opposed to the sje 
method (cf. Table 1), the results obtained in measuy|p 
Kerr’s constant by the pulse method are independent of |} 
conductivity throughout the very wide range of 10~!" 
10-7 Q-! cm~!, within the limit of experimental error. 

Hence, the present method is adapted for liquids wh 
conductivity, even following the most careful purificat} 
is still too high to admit of using the static method. ' 
results of such investigations will be published separately, 
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Applied gamma-ray spectrometry (International series of 
monographs on analytical chemistry, Vol. 2). Edited by 
C. E. CRouTHAMEL. (Oxford: Pergamon Press Ltd., 
1960.) Pp. xit + 443. Price 50s. 


Scintillation spectrometers employing thallium activated 
sodium iodide crystals provide an efficient method of measur- 
ing gamma ray energy and intensity, and are consequently 
extensively used for identifying and assaying gamma emitters. 

An accurate interpretation of the scintillation-counter 
pulse-amplitude distribution requires an understanding of all 
the effects which determine the shape of the distribution 
curve and a knowledge of the geometrical factors involved 
in the measurement. 

This book provides the necessary information and enables 
these factors to be evaluated for any particular spectrometer 
assembly. 

Effects on the pulse amplitude distribution of radioactive 
decay processes, gamma ray absorption phenomena, and 
bremsstrahlung radiation are discussed in the first chapter, 
and effects associated with the counter itself in the second. 
The fact that pulse amplitude resolution is worse in NaI—-Tl 
than might be expected on statistical grounds has, as yet, 
received no satisfactory explanation. The current pre- 
ferences (chiefly those at Argonne) for photomultiplier 
circuits and other electronic equipment are given, and 
methods of mounting particularly large NaI—Tl crystals to 
obtain optimum performance for resolution and background 
are described with a wealth of practical detail. The use of 
x-ray proportional counters for low energy gamma ray 
spectroscopy, to take advantage of the better resolution 
obtainable compared with scintillators at these energies, is 
not neglected and is discussed in some detail. 

Since each different experimental arrangement requires 
careful calibration a chapter on this subject is particularly 
appropriate. 

The fourth chapter deals mainly with application to 
chemical analysis by neutron activation methods using 
reactors or other neutron sources. 

The remainder of the book (pp. 159-439) consists of 
appendices which include a compilation of pulse amplitude 
distributions obtained with a 4 in. diameter 4 in. thick NaI-Tl 
crystal for 133 different nuclides. Tables are included of 
calculated efficiences for 20 sizes of NalI-TI crystals and 
photopeak to total ratios for five crystal sizes. Two other 
lists give properties of radioactive nuclei, first in order of 
gamma energy, secondly in order of atomic number. 

Whilst a great deal of information similar in character has 
already been published, it is widely scattered in the open 
literature, and much is contained in the unclassified reports 
of the various atomic energy authorities. 

The book will be of particular interest to chemists and 
others who wish to use radioactivation methods of analysis. 
Scintillation spectroscopy, however, finds many other 
applications, such as nuclear physics, health physics, ore 
prospecting, reactor engineering, etc., and workers using the 
technique in these fields will find much useful information 
here. One is often faced with the problem of resolving a 
pulse amplitude distribution into a complex or even con- 
tinuous gamma ray spectrum. Apart from suggesting simple 
subtraction of known spectra the book gives little informa- 
tion as to the best procedure in this event, a task which is be- 
coming less tedious as electronic computers are becoming 
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more readily available, but which still remains a formid|} } 
problem particularly when using crystals of more moj!) 
sizes than 4 in. diameter 4 in. thick. R. B. Owes 


Engineering design with rubber. By A. R. PAYNE and Jijjj 
Scott. (New York: Interscience Publishers; Lon¢ 
MacLaren and Sons, 1960.) Pp. ix + 256. Price 50s} 


The number of existing books on the important subjec}ip 
the applications of rubber in engineering is very small ind 
and this new addition is therefore very welcome. Comp. 
with the best-known of existing works, namely Rubbé 
Engineering (H.M.S.O., 1946), the present volume coves 
narrower range, but explores it more deeply. The 1 
theme, the dynamic behaviour of rubber, which occu 
more than half the total space, is well chosen, not only bec} 
of its manifest importance in a wide variety of enginee| 
applications, but also because this branch of the subje4 
probably the one in which the most extensive developny 
in systemization and assimilation, to which the aut} 
themselves have made important contributions, have occu 
in recent years. 
The various methods of representing the dynamic behav 
of rubbers, and in particular the generalized relations betw 
their mechanical response to oscillatory stresses and frequah 
and temperature are thoroughly developed in Chapt 
while in Chapter 4 the various types of instruments 
have been used for the investigation of these properties 
critically examined. Chapter 7 contains an exception 
clear treatment of the whole question of the transmissioyf 
vibrations through rubber members and of the pheno 
of resonance; this is particularly relevant to problem. 
sound insulation and anti-vibration suspensions. 
In addition to this main subject there are shorter sectif} 
on other physical properties (thermal, electrical, etc. 
rubbers, on test methods other than dynamic, on fd 
deformation relations in suspension units and other dy 
ponents, on practical design details for components, andl 
a variety of engineering applications taken from first-Hii 
experience. | 
The sections dealing with dynamic properties and re 

test procedures, together with the accompanying scie 
1 


| 


background, would be difficult to improve upon. 
remainder of the book could be criticized on the gra 


on the underlying unifying principles. In this respect; | 
opening chapter, “The rubber-like state’, fails to ex 
the possibilities inherent in its title. There is no mentioif! 
the derivation of the generalized stress-strain relations |} 
rubber either from the statistical theory (which involves ‘i 
a single physical constant, itself determined by the degre! 
cross-linking) or from the widely used phenomenolog| 
theory of Mooney. The elegant solutions to certain Hi 
problems in large-deformation theory (torsion, flexure, |} 
obtained by Rivlin are not discussed in any part of the bel 
What is lacking, in fact, is any communication of the § 
of a theory of Jarge elastic deformations, without which 
properties of rubbers cannot be properly appreciated. 
had been included the engineer might have been encouraf: 
to take the initiative in attacking problems whose solut: 
are not to be found in this book. 

This omission, and the inclusion of a quite inappropal! 
introduction, are the only unsatisfactory features of a vil 
which is in other respects outstanding. 


rozen free radicals. By G. J. MinKorr. (London and New 
York: Inter-science Publishers, 1960.) Pp. ix + 148. 
Price 36s. 


| ane of this book with Formation and Trapping of Free 
adicals edited by Bass and Broida is inevitable. Both were 
\1blished in 1960 and describe the research completed under 
fe three-year National Bureau of Standards free radical 
‘oject in the context of previous and contemporary research 
1 unstable species trapped at low temperatures. Bass and 
}oida’s book contains 522 pages, Minkoff’s contains 148. 
jnerein lie the advantages and disadvantages of the book 
ee review. It is a thorough survey of the pertinent research 
nich can be read in a few evenings, but it lacks the clarity 
‘the more leisurely treatment in the Bass and Broida book. 
yx example, electron spin resonance is emphasized as a 
Wluable technique in both books. Minkoff’s less than twenty 
ges on electron spin resonance scattered throughout the 
‘ok can hardly compete with a 42-page chapter by C. K. Jen, 
tio has probably done the most careful and most thorough 
‘earch to date on the electron spin resonance of frozen 
ve radicals. Minkoff discusses electron spin resonance of 
lolecules in triplet states, which is not treated by Jen, but 
jes not include the first observation of such a resonance 
Hutchison and Mangum in 1958. The main advantage 
4) Minkoff’s book is the careful organization of the data 
‘geording to the species studied rather than by the techniques 
mployed. 

tThe layout is particularly fine with detailed outline at the 
ginning of each chapter, the use of very heavy type for 
¢tion headings, well reproduced illustrations and thorough 
whor and subject indices. The first 65 pages include 
tapters on early history, experimental methods, and the 
asic principles of trapping. An excellent introduction to 
iv temperature techniques is included. The remainder of 
tt book surveys the data obtained about each radical or 
ve of radical. This section occasionally reads like a 
ialogue or a chapter from the Annual Review of Physical 
jemistry. Such a presentation is inevitable when so much 
‘ba is presented in so few pages but makes difficult reading 
. the non-specialist. The few misprints noticed by the 


R. M. DEAL 


“)phite and its crystal compounds. By A. R. UBBELOHDE 
and F. A. Lewis. (Oxford: Clarendon Press; London: 
| Oxford University Press, 1960.) Pp. vii +217. Price 35s. 


authors have set out to report the current lines of 
The first chapter is devoted to the 
stallographic model for the graphite crystal and the 


‘th re of synthetic graphites. It is unfortunate that they 


‘ve it is frequently used to refer to the size of the original 
‘te particles from which synthetic graphites are made. 
‘ model for the near perfect single crystal is adequately 
ted, but the model for synthetic graphite does not accord 
J) current theory. The existence of long-range order 
ond the crystallite diameter has been postulated by a 
jaber of workers and has received some experimental 
firmation from electron microscopy techniques. These 
‘}' theories are not presented. 

he remaining chapters of the first half of the book set 
jm the properties of the near perfect single crystal and 
| polycrystalline graphites. The data are collected from 
|very extensive literature and presented in a coherent form. 
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There is little critical discussion and indeed the authors make 
it clear in the Preface that to attempt definitive treatment at 
this stage would be premature. A misprint occurs in Table 9 
for the tensile strength of reactor graphites parallel to the 
grain, which should read 1440 lb/in2. 

The second half of the book records the chemistry of the 
crystal compounds of graphite. A thorough survey is given 
of the chemical reactions in which graphite can be involved, 
and the properties of the resulting compounds are given. 

Graphite is finding applications in many fields of activity, 
and this book can be recommended to the newcomer as a 
general introduction to the subject. The extensive biblio- 
graphy of over 1000 references will prove of value to those 
currently engaged in the subject. H. H. W. Losty 


The proton in chemistry. By R. P. BELL. (London: Methuen 
and Co., 1960.) Pp. vii + 223. Price 42s. 


The unique position which the proton occupies in chemistry 
justifies the publication of a book such as this one; for the 
benefit of physicists it should be pointed out that it deals 
with protons in solution and not in the form with which they 
are most familiar. The book will, however, be of interest to 
anyone concerned with the physical sciences. The author 
needs no introduction and the subject-matter is presented 
clearly and in a logical fashion. 

The importance of the proton in chemistry is principally 
due to three factors. Its small size and mass result in its 
reactions being extremely rapid, while its polarizing power is 
very high. Secondly, there are signficant isotopic effects in 
some of these reactions when H is replaced by D or by T. 
Finally, the existence of acid—base equilibria has important 
consequences for many aspects of chemistry and allied 
sciences. These topics are examined thoroughly in the present 
book. Acid—base equilibria and kinetics are discussed from 
the viewpoint of the Bronsted theory, with particular emphasis 
on the effects of structure; in the latter respect, a wide selection 
of data is carefully assembled and critically analysed. Recent 
physical methods of measuring directly the rates of acid—base 
reactions are discussed, by means of which reactions have 
been studied which occur with practically 100°% collision 
efficiency (k ~ 10!! 1 mole“! s~!). A. chapter on acid-base 
catalysis describes recent developments since the publication 
of the author’s earlier book on this subject in 1941. 

A number of minor errors appear to have escaped proof- 
reading. The fifth line from the foot of p. 23 should read Q’ 
(not Q,); p. 39, line 7 should read [H3SO;], and the species 
H,O* is missing from the products in the third equation on 
p. 40. The labelling of the curves in Fig. 7 should be changed 
to conform with the text, and the formula for B-naphthol in 
Table 15 should be C;j)H7OH. Line 9, p. 135, should read 
ky, <k_,, and the second term on line 8 from the foot of 


+ 

p. 136 should be [V = N.CH,CO;]. Line 6, p. 156 should 
read K; and not K;, the second equation (94), p. 187 should 
involve XD and not XH, and the third expression on p. 194 
relates to Q, and not Q}. The third and sixth columns of 
Table 26 should be headed Ep and E>/Ep respectively. 
Some difficulties have also been encountered with the h 
subscripts on p. 81, where in addition the left hand side of 
equation 28 should read — Hp. 

Apart from these minor points, the book is most attractively 
produced, and the price is reasonable. The reviewer read it 
with great pleasure and with profit, and it can be heartily 
recommended. C. B. AMPHLETT 
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The nature of the chemical bond and the structure of molecules 
and crystals. 3rd edn. By L. PAULING. (New York: 
Cornell University Press; London: Oxford University 
Press, 1960.) Pp. xx + 644. Price 60s. 


It is a pleasure to review the third edition of this excellent 
book. Compared with the earlier editions, it is improved 
for the student by the addition of a section on the electronic 
configuration of atoms, the Pauli exclusion principle and its 
consequences, and the magnetic moments of atoms. 

At a more advanced level, several new topics are included 
in this edition. The author’s new theory of the structure of 
electron-deficient compounds is presented and some appli- 
cations are discussed. The structure of metals and inter- 
metallic compounds is treated in detail from the point of 
view of the valence-bond theory. The electro-neutrality 
principle, that atoms in stable structures tend to have only 
small amounts of electric charge, is applied to a variety of 
systems. 

The author’s theory of resonance is defended against 
criticisms which have sought to condemn it, in that the 
structures conceived are idealizations without independent 
‘real’ existence. While admitting that the theory is essentially 
empirical and qualitative, derived by inductive reasoning, 
and depending for its successful application on ‘chemical 
feeling’, Pauling argues that it is on the same footing as the 
remainder of chemical structure theory. The successes of 
the theory in leading to the discovery of new structural 
features are quoted, and clearly indicate that the status of 
this theory is at least as great as that of many others of 
current importance. 

The book is very well written, and can be read and under- 
stood without specialist knowledge of mathematics. 

D. A. WRIGHT 


NOE: 
Translated from the Russian by 
J. E. S. BrApDLey. (Oxford: Pergamon Press, 1959.) 
PpaX -1 1682) Prices35s; 


This book was written as an introduction to a symposium 
on chemical kinetics held in Moscow in 1955. Volume II 
deals with branched chain reactions and thermal ignition, 
radical reactions having been dealt with in Volume I. 

The author gives a stimulating account of the chemical 
kinetics of combustion, although the treatment is based largely 
on the work of the Russian school, and the author, quite 
correctly, makes no claim to an exhaustive treatment of the 
subject. 

The book is divided under the following chapter headings: 
Thermal ignition; Chain self-ignition; Chain ignition in 
hydrogen—oxygen mixtures; Interaction of chains and 
degenerately branched chain reactions. This approach to 
combustion, based on the concept of chain reactions, gives 
coherence to a subject which can otherwise appear difficult 
and confused; both volumes of this book can be read to 
advantage by all workers in the field. 

Volume II is, unfortunately, not devoid of errors and also 
contains a large errata to Volume J; it is to be hoped that 
this deficiency will be corrected in what is otherwise an 
attractive and most interesting book. IAN FELLS 


Some problems of chemical kinetics and reactivity. 
By N. N. SEMENOV. 


Théorie fondamentale du systeme périodique des éléments. By 
S. Dockx. (Bruxelles: Office International de Librairie, 
19595) seeps Soe Price Bite 300! 


It is remarkable how strong a hold the periodicity of the 
elements has always exerted upon the scientific mind. 
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Associated above all with Mendéléeff’s genius, it was} 
various times—including our own day—the theme of mij/i 
fundamental thought. All this, the author of the prej| 
book brings out well. It is not exactly a story to be rei 
but to be kept for reference on historical points. The wil 
is perhaps a little pessimistic about our detailed knowlej|) 
of the peculiar structure of the rare earths. The worl 
Saha and contemporaneous research in the late ninete)— 
twenties seems to have escaped his net. It fits quite 7} 
into his elegant formalism. 
An important remark is the one in which he shows mag 
and electronic periodicity to be transposable, by the in 
change of the appropriate matrices. F. I. G. RAWLIN 


The theory of linear viscoelasticity. By D. R. BLA 
(Oxford: Pergamon Press, 1960.) Pp. vi + 125. P¥ 
3555 l 


This is a refreshing book, for the author quickly leaves | 
rather arid and already overworked terrain of one-dimensiG 
spring and dashpot models and proceeds to give a mat 
matically meticulous but nonetheless readable account of} 
properties of isotropic viscoelastic solids and liquids bai 
on the (three-dimensional) stress/infinitesimal strain- histt 
relations similar to those first used by Boltzmann for descif 
ing the ‘elastic after-effect’ in solids. Material from [% 
research literature of the past decade is here drawn toget 
for the first time. 
Chapter II contains the author’s recent derivation of 
strain/stress-history relations for an arbitrary 3-dimensiq 
network of springs and dashpots; expressions for the sta 
and dissipated energies are derived together with cert 
necessary conditions on the time-derivative operators in | 
operational form of the stress-strain relations. One wond} 
however, in what sense this theory is to be regarded aif 
valid structural theory: the author states on p. 17 
certain other microscopic structure theories “‘are mechanic¢ 
equivalent to a network of springs and dashpots” but i] | : 
not clear what is meant by ‘mechanically equivalent’ in 
| 


i 


context nor whether the statement is in fact correct wl 
applied to those of the theories referred to which are bali} 
on a model of independent long chain molecules suspen I} 
in a viscous environment. 
The second half of the book contains a systematic tré 
ment of stress analysis in viscoelastic bodies under 
chapter headings ‘sinusoidal oscillation problems’, ‘qui 
static problems’, and ‘dynamic problems’. Methods 
transforming viscoelastic problems into equivalent ela# 
problems are treated, including Lee’s recent method w 
has led in particular to a solution of the Hertz cont 
problem for viscoelastic bodies—a problem which is comff) 
cated by the occurrence of moving boundaries. In sevdii 
places the author gives a good succinct account of |ff} 
relevant properties of typical real materials; the final chapjil 
contains a practical account of the fitting of models | 
experimental data. The book should prove to be of 4 
ticular and lasting value to the growing number of physicil#! 
engineers, and rheologists who are concerned with polymajj 
systems. A. S. LopG#l 


| 
| 


Unsteady motion of continuous media. 
KOVICH. (Oxford: 
xiii + 745. Price £5. 


The publishers justify the use of photolithography of 
typed manuscript in the printing of this book on the grout 
of expense and the speed of reproduction. The format 


By Ke Psaa 
Pergamon Press, 1960.) 
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‘nly exposes the reviewer to eye-strain—the symbols in the 
‘uations are particularly small and, in places, indistinct— 
ie aesthetic considerations apart, it is not perhaps so grave 
disadvantage if, as presumably the normal reader would, 
lis taken in small doses. 
+The book is, the editor writes, completely self-contained 
\d no previous knowledge of gas dynamics is required... . 
‘it can be used as a text-book for graduate students and as 
i of reference for the many research scientists con- 
‘ned with the present day problems in gas dynamics.” I 
‘\yself would be unwilling to recommend it in the first cate- 
‘ry as a text-book to supplant Courant and Friedrich’s 
'\personic flow of shock waves to which the author makes 
rceful reference. Sheer weight of material, some of it 
\pearing in English for the first time, puts it in the second 
t:egory though even here I found the presentation heavy 
ing in places (and perhaps even ill-digested in parts). I 
.jve also to make a comment, not I am afraid for the first 
‘j2e in similar contexts, that the references are so very sparse 
|| to be almost ludicrous in a book of this size—an author 
jiex of 30 names and a bibliography of 49 works. In short 
|would place this in my second rather than my first line 
| defensive reference books and note as of special interest 
| physicists the application to cosmological problems in the 
.(t three chapters. L. HowARTH 


ray powder photography in inorganic chemistry. By 
R. W. M. D’rzyE and E. Wait. (London: Butterworths 
Scientific Publications, 1960.) Pp. viii + 222. Price 45s. 


‘Ye authors of this useful book are workers at the Atomic 
‘ergy Research Establishment, Harwell, and their approach 
x-ray crystallographic techniques is through their applica- 
‘ns in those studies of inorganic materials that are of impor- 
‘ice in the fields of nuclear energy and electronics. Since 
}: available material is often in the form of powder, they 
§ve concentrated especially on x-ray powder photography, 
}t in fact much of their book necessarily applies to all x-ray 
fraction methods and to crystalline material of any 
(mposition and any texture. However, their aim has been 
{provide, in the form of a conveniently small volume, only 
ait amount of information that a research chemist, with no 


yok does not, therefore, in any way compete with X-ray 
iraction by polycrystalline materials (The Institute of 


itysics, London 1955), to which, indeed, it constantly refers 
#: reader who requires more details. My guess would be 
Sit research chemists and others needing to identify or to 
ow more about the solid materials they are studying, or 
hing to understand non-stoichiometry, phase transitions, 
+; structures of mixed crystals and the mechanism of solid- 
tid reactions, will find their appetites tremendously whetted 
'this book, and particularly by Chapter 8 which gives many 
‘umples of applications. If they conscientiously work 

ough each chapter, using the references recommended 
» further study, they will know certainly a great deal of 
ay crystallography by the time they are through. 
; KATHLEEN LONSDALE 


\ectrical and electronic devices and properties 


vances in electronics and electron physics. Vol. XI. 
j Edited by L. Marton. (London and New York: 
Academic Press, 1959.) Pp. xi + 523. Price £5 7s. 6d. 


jis is a well-established series covering a remarkable range 
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of subjects in pure and applied physics. The present volume 
includes topics from electron production in beta-decay to 
automatic data processing. 

Sternheimer gives a good account of the parity non-con- 
servation in weak interactions, surveying the main experi- 
ments in detail but quoting rather than discussing the results 
of the theory. Photoemission from complex layers is fairly 
clearly discussed by Gorlich in a language which could have 
done with one further stage of translation into English: the 
persevering reader will find it rewarding. Secondary emis- 
sion is dealt by Hachenberg and Brauer, with a very good 
account of the theory as well as of experimental knowledge. 

Pinsker from Moscow gives a most interesting account of 
the important Russian work on structure analysis, especially 
of semiconducting crystals, by electron diffraction. Clark 
Jones gives a lucid and useful discussion of the quantum 
efficiency of detectors for visible and infra-red radiation. 
Unfortunately, the controversy between Clark Jones and 
Hanbury Brown and Twiss, over the behaviour of grey 
detectors not in thermal equilibrium with the ambient radia- 
tion, was unresolved when the article was written. In con- 
sequence, as Clark Jones observes, his expression for the 
detective quantum efficiency of such detectors is not entirely 
satisfactory. This is particularly regrettable since the article 
is concerned mainly with the situation where noise from 
ambient radiation is not negligible. If, however, the ambient 
radiation is itself of low intensity, no difficulty arises. 

Ribbet’s article on radio telemetering is mainly of engineer- 
ing interest. Konigsberg discusses mainly the uses of opera- 
tional amplifiers, with a short final section on recent advances 
in design. The problem here arises in analog computing, 
where passive networks for analytical operations combine 
high attenuation with high accuracy, so that good d.c. 
amplifiers (with as high a working bandwidth as conveniently 
possible) become very necessary. 

Barlow, Ovenstone and Tonemann give a general dis- 
cussion of automatic data processing in the physical sciences. 
Such an article, even if it contains little that we ought not 
to know already, has the function of warning us that we 
should be thinking of rational methods for handling scien- 
tific data while the files are only waist deep, without waiting 
till the stuff reaches our ears. 

G. A. P. WYLLIE 


Advances in electronics and electron physics. Vol. XII: 
Photo-electronic image devices. Edited by J. D. MCGEE 
and W.L. Wi_cock. (London and New York: Academic 
Press, 1960.) Pp. xii + 397. Price 86s. 


This volume is a record of a symposium held in September 
1958, at the Imperial College of London University, which 
is believed to have been the first devoted exclusively to the 
discussion of photoelectronic image devices. The sym- 
posium was convened by Professor J. D. McGee and thirty 
papers were presented. 


The arc discharge. Its application to power control. By 
H. dE B. KniGutT. (London: Chapman and Hall Ltd., 
1960.) Pp. xix + 444. Price 63s. 


The title of this book is really rather misleading. It is, in 
fact, concerned with the theory, design, construction and 
operation of thyratrons and ignitrons, and not, as might be 
inferred from the title, with the electric arc except in the 
rather narrow context of the above-mentioned devices. 

In the first of the three main sections of the book the 
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design and construction of thyratrons and ignitrons is 
described in some detail, although the treatment is of necessity 
broad rather than deep. The second section sets out clearly 
in simple terms enough of the theory of low pressure gas 
discharges for the newcomer to the subject to understand 
the operation of the devices with which the book is con- 
cerned. The remainder of the book covers the application 
of thyratrons and ignitrons as circuit elements. This is the 
longest section, and probably deals with its subject more 
thoroughly than any other text available. 

The book is well produced, the diagrams clear and the 
number of errors is remarkably small. Users of thyratrons 
and ignitrons, as well as students and others wishing to 
increase their knowledge of these devices, will find this a 
very useful work. M. P. REECE 


Computer engineering. Edited by S. A. Lepepev. (Oxford: 
Pergamon Press, 1960.) Pp. vii + 184. Price 40s. 


Academician Lebedev has edited a small volume of papers 
which are concerned with various aspects of computer 
application and engineering. Far too little is known of 
computer engineering in the Soviet Union by workers in the 
West and this translation of Lebedev’s book will go some way 
to fill this gap. 

The book contains eight papers dealing with the following 
topics: the power supply system of BESM, digital differential 
analysers, dynamic flip-flops, automatic checking in serial 
arithmetic units, word selection from a dictionary, an analysis 
of the use of ferrite cores in matrix storage, an investigation 
of the reliability of a matrix magnetic store, and, finally, some 
suggestions about nomenclature in digital computer engineer- 
ing. The papers on power supply and basic nomenclature 
will not be of very much interest, particularly as the original 
Russian version of this book appeared in 1955. The remaining 
papers, however, will be of great interest to all British 
engineers. 

The translation of the book is excellent and, although the 
typesetting (in photolithographed, unjustified typescript) 
leaves something to be desired, the book can be thoroughly 
recommended. A. D. BooTH 


Elektronische analogrechner. By D. Ernst. (Munchen: 
R. Oldenbourg, 1960.) Pp. 315. Price DM.38. 


This work gives a well balanced introduction to the whole 
field of analogue computation. Analogue and digital methods 
are first compared, and analogue equipment is classified into 
different types. Customary forms of the basic elementary 
units are next discussed, with due attention to practical limi- 
tations deriving from allowable ranges of magnitude and from 
such matters as time constants and errors of integrators. 

About half the book is devoted to programming, with six 
examples from electrotechnology fully worked out in practical 
sequence—equations, interconnection scheme, scaling factors. 

Choice of equipment for different purposes and the organi- 
zation of a computing establishment are handled at some 
length, and finally there are descriptions, illustrations and 
specifications of 16 instruments from six countries (including 
three from Great Britain). 

The book is well produced, with good diagrams in ample 
quantity. There are 237 references, about half of which are 
to English-language titles. T. H. O’BEIRNE 


Encyclopaedia on cathode-ray oscilloscopes and their uses. 
J. F. Riper and S. D. UsLtan. (London: Chapman and 
Hall, 1959.) Pp. xix + 1325. Price £10 10s. 


This is a monstrous book, in more than one sense of that 


By 
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adjective. It contains 1325 84 x 1lin. pages and weis 
over 7 lb. Furthermore, it is profusely illustrated, Nh) 
photographs, line diagrams or graphs on nearly every pai) 
If, therefore, it were packed with valuable information, i 
high price charged for the book might be justified. Su|i 
however, is hardly the case. | i 

Of the five sections into which the book is divided, the fi . 
(108 pages) deals with the construction and mode of opey} 
tion of cathode-ray tubes. From the table of content 
appears that most aspects of the subject are discussed, th | 
the reader soon finds that the treatment is often annoying 
superficial. For example, although five pages are devot 
to practical details of magnetic-deflection coils, no mentil} 
is made of ferrite (as distinct from ‘iron-dust’) yokes, a | 
cosine distribution of turns in a slotted yoke is not discuss & 
and the reader who wishes to design a set of coils is giw 
little useful information. Many similar examples might | 
given. | 

Criticisms of the same kind can be made of Section 
(426 pages) which is concerned with the circuits used | 
oscillographs and accessory apparatus, and of Section 3 3 
pages) which is devoted to applications of oscillographs. 
each section an extremely wide range of topics is touch 
upon in a very superficial manner. The result is likely | 
be completely bewildering to the novice and the details giv 
are insufficient to form a useful work of reference for t 
qualified engineer or physicist. 

In dealing with applications, the authors apparently ade 
the standpoint that any piece of research in which an oscill 
cope has been used is to be regarded as an applicatid 
From this point of view, a microwave reflectometer involvil 
a swept-frequency klystron oscillator, directional coupled 
an attenuator, crystal detectors and a ratio-meter, beconj 
an application of the cathode-ray oscilloscope. It is perhat 
relevant to add that the description of this apparatus occupt 
350 words plus a block diagram and is supposed to be int 
ligible to a reader who, in an earlier chapter, required 
pages of explanation concerning the way in which the sr 
in a cathode-ray tube is deflected electrostaticaily. 

Section 4 (144 pages) consists of two parts. The first 
these records diagrams of some 1600 waveforms which 4 
obtained by the addition of harmonics of varying amplitu 
and phase to a fundamental. It is suggested that comparis 
of an unknown waveform with these known ones will mai 
possible a harmonic analysis of the former. Similarly, f 
second half shows, by means of a large number of diagra 
the distortion produced in square waves of various frequen 
when applied to amplifiers having certain stipulated frequer#} 
characteristics. It seems doubtful whether experimenters vw 
find much use for this section. 

The last section (232 pages) gives specifications and circ! 
diagrams of 78 commercial oscilloscopes, most of which 4 
manufactured in the U.S.A. Once again, this informat 
is of doubtful value. 

Taking the book as a whole, it is difficult to resist 
conclusion that the authors have deliberately set out to pt 
duce a volume of very large size. It cannot be said that if) 
result justifies their efforts. C. W. OaTLeE¥ 


Feedback control system analysis and synthesis. By J.| 
p’Azzo and C. H. Houpis. (London: McGraw-H 
Publishing Company, 1960.) Pp. xii +580. Pr 
£5 4s. 6d. 


When I reached the second chapter of this book, that 
differential equations, I thought we had at last got a ba) 
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* Recently Published * 


| MICHAEL FARADAY 
| A List of his Lectures 
and Published Writings 


Edited by A. E. JEFFREYS 
With a Foreword by 
SIR LAWRENCE BRAGG, F.R.S. 


This bibliography is published on behalf of the Royal 

Institution of Great Britain. All books, separate publi- 

cations, articles, papers, letters etc. and the manuscript 
Mi) lecture notes in the Faraday collection at the R.I. are 
{ recorded in strict chronological order. 


Illustrated. 42s. net 


THE ANTENNA 


By L. THOUREL 
Translated by 
H. De LAISTRE BANTING 


A review of modern antenna techniques which provides 
engineers with a means of choosing an antenna and 
rapidly assessing to a close approximation the eventual 
performance to be expected. It will also help non- 
specialists in the field to familiarise themselves with the 
problems of antenna design. Illustrated. 70s. net 


THEORETICAL 
AND EXPERIMENTAL 


PHYSICS 
By H. G. JERRARD & D. B. MCNEILL 


An invaluable book for all students and practising 
physicists. It describes a large number of the experiments, 
based on simple yet fundamental principles, to which 
the student—and the graduate—have often only been 
able to give a superficial examination in the time available 
during a normal course. Illustrated. 75s. net 


* 
INSTITUTE OF PHYSICS BOOKS 
Ready Shortly 


Selected Papers on 
STRESS ANALYSIS 


Some of the Papers presented at the Institute’s Stress 
Analysis Group’s Conference at Delft, in 1959. 
Illustrated. 


NOISE IN 
ELECTRONIC DEVICES 


Papers based on material from the Conference of the 
Institute’s Electronics Group held at the Services 
Electronics Laboratory, Hertfordshire, in October 1959. 

Illustrated. About 25s. net 


50s. net 
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SEMICONDUCTOR 
TECHNOLOGY 


Edited by Professor G. K. T. CONN. 


This collection of selected topics by 13 British contributors 
provides a manual for the reader seeking a concise introduction 
to the fascinating amalgam of experiment, theory and engineering 
which forms ‘“‘Semiconductor Technology.” 

The kernel of semiconductor technology is the purity of the 
material] and there are, therefore, a number of articles on the 
preparation of pure materials and on controlled alloying. 
Attention is given to transistors and to the problems of handling 
power. The parameters which determine optical behaviour are 
discussed in general terms; this is followed by an article on the 
design, manufacture and testing of infra-red photocells as an 
example, The rapidly growing field of organic semiconductors 
is surveyed and one contributor examines the characteristics and 
applications of one particular material, bismuth telluride. 
Finally there is an article on “Solid State Devices.” Price 10s. 6d. 


SMALL PARTICLE 
STATISTICS—2nd Edition 


An Account of Statistical Methods for the Investigation 
of Finely Divided Materials With a Guide to the 
Experimental Design of Particle Size Determinations. 
By Dr. G. HERDAN. 


Dr. Herdan, by means of statistical mathematics, bridges the 
gap between the type of information desired about systems of 
small particles and the available experimental methods of 
measurement. This second edition, thoroughly revised and 
enlarged, will prove of even greater aid to those working with 
pigments, clays, cements, solid propellant oxidizers, catalysts, 
absorbents, reagents, solid deposits, food product sprays, 
smokes, emulsions and dispersions, in their search for adequate 
means of quantitative measurement. 

New material is included here on industrial mixing, the 
graphical reproduction of the distribution of particulate matter, 
the analysis of variance, and the distribution of molecular weight 
in polymers. The part devoted to experimental design has been 
brought up-to-date with much new material added; and since 
some of the current interest in particle size measurements stems 
from the requirements of nuclear technologists, their needs have 
been considered in the revised text. Price 80s. 


NUCLEAR REACTOR 
CONTAINMENT BUILDINGS 
AND PRESSURE VESSELS 


Proceedings of an International Symposium organized 
by the Department of Mechanical, Civil and Chemical 
Engineering of the Royal College of Science and 
Technology, Glasgow, \7th to 20th May, 1960. 


The advent of the large containment buildings and pressure 
vessels in the field of nuclear power engineering introduced 
problems of analysis, design, construction, inspection and testing 
of an unconventional character and relative complexity. Research 
and development work relevant to these problems is being 
carried on in a number of industrial and academic centres and 
the 22 papers of this Glasgow Meeting summarize current prac- 
tice and outline future trends. Price 100s. 


HYPERSONIC FLOW 


Edited by Professor A. R. COLLAR and Dr. J. 
TINKLER. 


The volume is a record of the 1959 Colston Symposium held 
at Bristol. The scope of the papers presented comprises surveys 
and details of experimental facilities, techniques for stimulating 
hypersonic flight conditions in the laboratory, experimental 
results, material concerning investigation of the properties of 
gases at elevated temperatures which will be of particular 
interest to physicists; theoretical solutions of particular flow 
problems including unsteady flow, and applied research in the 
form of studies of configuration, propulsion, and kinetic heating 
of vehicles designed for hypersonic flight. Price 70s. 


Descriptive literature available, post free, from 


BUTTERWORTHS 


e e 4&5 Bell Yard, London WC2 e e 
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DAVIES INVESTMENTS LTD. 


PRIVATE BANKERS 


GROSS ASSETS EXCEED £2,000,000 


Are paying 74% per annum interest on 

deposits for the eighth year in succes- 

sion, with 4% added annually on each 
£500 unit. 


Details and Audited Balance Sheet from: 
Investment Dpt. BJ., Davies Investments Ltd 
Danes Inn House 265 Strand London WC2 
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BATTERSEA COLLEGE OF TECHNOLOGY | 


LONDON S.W. 11 


Post-graduate courses in CRYSTALLOGRAPHY, ! 
consisting of one year full-time or two years part- | 
time, will begin on 2 October 1961. These courses 


prepare for either the Internal degree of M.Sc. | 
(Crystallography) of the University of London, or | 
the College Post-Graduate Diploma (D.C.T.(Batt.)). 
Scholarships are available in certain circumstances. 
For further details apply to Dr. D. Lewis, Crystallo- 
graphy Section. 


A LENS DESIGNER 
is required by 
THE TAYLOR, TAYLOR & HOBSON DIVISION 
OF RANK PRECISION INDUSTRIES LIMITED 
to work on development of specialised optical systems 
for photography and television. The ideal applicant 
will have been responsible for some original design work 
in these fields, although less experienced applicants 
having suitable qualifications will be considered. Salary 
offered will be commensurate with experience. All 
applications, which will be treated in strict confidence, 
should be addressed to 
THE TECHNICAL DIRECTOR 
TAYLOR, TAYLOR & HOBSON 
STOUGHTON STREET WORKS 
LEICESTER 


MONOGRAPHS FOR STUDENTS 


THEORY OF LENSES 


E. W. H. SELWYN, F.R.P.S., F.INST.P. 
price 5s. 


PUBLISHED ON BEHALF OF 
THE INSTREE UE Oh PE YwolGs 
AND 
10s05, IMEC, SOGIaar ye 
By 
CHAPMAN AND HALL LTD. 
37 ESSEX STREET, W.C.2 


Road Research Laboratory (Traffic and Safety Division), 
Langley, Bucks, requires Senior Scientific Officers/ 
Scientific Officers to carry out Theoretical and Experi- 
mental Research on Traffic Flow and Road Safety, 
including psychological aspects, physics of friction and 
impact problems, relationship between vehicle design 
and injuries sustained in road accidents, theoretical 
problems on traffic and application of electronic com- 
puter to these problems. Quals.: Ist or 2nd Class Honours 
Degree or equiv., in appropriate subject for Scientific 
Officer, with adequate post-graduate research exp., and 
minimum age 26 for Senior Scientific Officer. Salary 
ranges: S.O. £710-£1,175; S.S.O. £1,290-£1,590 (accord- 
ing to experience). Normal prospects of promotion in 
mid-thirties to P.S.O. £1,650-£2,325, with possibilities 
of higher posts. Opportunities for early establishment 


with superannuation whilst under age 31. Laboratory 


expected to move to new accommodation at Crowthorne, 
near Bracknell, Berkshire, in 1963. Forms from Ministry 
of Labour, Technical and Scientific Register (K), 26 King 
Street, London, S.W.1, quoting A.286/0A. 


SUPPLEMENTS 
TO THE 


BRITISH JOURNAL 
OF 


APPLIED PHYSICS 


. Physics of Lubrication. 

1951. 15s. Od. 
. Static Electrification. 

1953 fl “Ss.2- Oca 
. The Physics of Particle Size Analysis. 

1954 £1 15s. Od 
. Luminescence. 

1955 £1 5s. Od: 
. The Physics of Nuclear Reactors. 

1956 £1. 5s. Oe 
. The Physics of Non-Destructive Testing. 

1957 £1 5s. Ode 


Obtainable through any bookseller or 
direct from the publishers 


THE INSTITUTE OF PHYSICS AND 
THE PHYSICAL SOCIETY 


47 Belgrave Square, London, S.W.1 
(BELgravia 6111) 


} 
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Recent 


CUTLER: Electronic Circuit Analysis 


Volume 1. Passive Networks 


Covering every aspect of passive network theory and 
application, this book provides a solid foundation of the 
basic concepts and techniques essential to the mastering 
of all analysis, design, and maintenance problems encoun- 
tered in electronic equipment. It is written in a clear, 
concise, lecture style, eminently suitable for engineering 
students. A companion volume on active networks is 


planned for future publication. 62s 


LEDLEY: Digital Computer and Control Engineering 


Here is an outstanding introduction to digital computer 
and control engineering for advanced undergraduate 
students, which gives a complete and basic treatment 
of the many subjects directly associated with digital com- 
puters. It will also prove of very definite value to graduate 
engineers who have not previously handled this type of 


equipment. £6 12s 6d 


McGraw-Hill Publishing Company Limited 


BRITISH JOURNAL OF APPLIED PHYSICS 


Books 


STEWART: Fundamentals of Signal Theory 

Strongly dependent on the utilization of the basic physical 
principles of circuit theory mathematics, this title focuses 
on the several major mathematical techniques involved 
in the excitation and response of linear systems. It is 
written in a particularly clear manner, without the intro- 


duction of unnecessary specialized phraseology. 70s 


STRAUSS: Wave Generation and Shaping 

The object of this book is to present a logical, unified 
approach to the analysis of those circuits which generate 
signals of various geometries. A development treatment 
is followed throughout, with the essential features of 
practical wave-generation and shaping circuits emphasized. 
The fundamentals of shaping, timing, switching, memory, 
and oscillations are detailed, using rapid approximate 


solutions. 97s 


McGraw-Hill House London EC4 
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NEW HEYWOOD BOOKS 


PROGRESS IN CRYOGENICS SERIES 
Editor: K. Mendelssohn, D.Phil. (Berlin), M.A. (Oxon.), F.Inst.P., F.R.S. 


This series of volumes will cover the production, maintenance and measurement of low temperatures 
and their practical application to the techniques used in basic research. 


Each volume will contain critical reviews of selected topics in the field. These reviews will be inter- 
national in character, authors being drawn from any country in which significant work is being 


carried out. 


VOLUME 3 To be published early March, 1961 


Contents: Helium Liquefiers: A. J. Croft; Low Temperature Heat Exchangers: A. G. Lenfestey; 
Novel Refrigeration Cycles and Devices: W. E. Gifford; Cryogenic Rocket Propellants: |. E. Smith; 
Paramagnetic Substances for Nuclear Orientation: R. P. Hudson; Dynamic Nuclear Orientation: 


C. D. Jeffries. 
173 pages. 


458. 


PROGRESS IN DIELECTRICS SERIES 

Edited by: }. B. Birks, B.A., Ph.D., D.Sc., F.Inst.P., A.M.1.E.E., and #. H. Schulman, Ph.D. 

This annual series covers the whole range of the newer dielectric materials. Each volume will consist 
of critical reviews surveying the present state of knowledge in selected aspects of the subject. 

Many of the articles will contain a significant amount of original work. Authorship will be international, 
contributors being experts in their particular fields. 

VOLUME 3 To be published early March, 1961. 

Contents: Dielectric Waveguides and Aerials: D. G. Kiely; Theories of Dielectric Polarization and 
Relaxation: R. H. Cole; The Dielectric Properties of Water: J. B. Hasted; Mechanisms of Dielectric 


Absorption in Solids: R. J. Meakins; Recent Developments in Cable Insulation in the United States: 
C. W. Hamilton; The Theory of Dielectric Breakdown in Solids: R. Stratton. 


292 pages. 


Many useful figures, tables and graphs. 635. 


Available through all booksellers, or, in case of difficulty, direct from the publishers: 
Heywood & Company Ltd., Book Sales Dept., Tower House, Southampton Street, London, W.C.2. 
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ae Proceedings of the Second 


a International Conference 


Paris 1959 


Medical 
==— _ ilectronics 


= ra 

——— Edited by C. N. Smyth 

———_ M.A., B.SC.(ENG.), B.CH., M.LE.E. | 

aaa and published for the International | 
a Federation for Medical Electronics 


Electronic techniques are becoming increasingly important in the 
medical sphere, because they provide extremely sensitive and 
versatile means of measuring or examining physiological effects 
which often cannot be detected by cther methods. The growing 
importance of medical electronics was first recognised on a world 
scale when the First International Conference was held in Paris 
in 1958. This was an exploratory meeting, which led to the 
organisation of the full-scale Second International Conference on 
Medical Electronics, held at the UNESCO building in Paris in 
1959. This book is a record of the proceedings. 


145s. net by post 147s. 614pp. 400 iilustrations 


from leading booksellers 


Published by ILIFFE Books Ltd. 
DORSET HOUSE STAMFORD STREET LONDON SE1 


AEI 


Associated 
Electrical Industries Limited 


HIGH VOLTAGE 
DIELECTRIC 
PHENOMENA 


Engineers with leanings towards physics or Physicists 
with engineering bent required to contribute to the 
knowledge of mechanisms of failure of insulation in 
service by developing new techniques of measurement 
of dielectric properties. 


This is a relatively unexplored field in which 
enthusiasm for research work is more important 
than previous experience. 


Please write quoting reference E.18 to: 
Personnel Manager 
Associated Electrical Industries 


(Manchester) Ltd. 
Trafford Park, MANCHESTER 17 


Spring Selection 
from Pergamon Press 


SOVIET REFRIGERATION 
TECHNOLOGY—A 
BIBLIOGRAPHIC HANDBOOK 


D.N. Prilutskii 


In this invaluable reference book are published results of 
research work and of practical experiment that have 
appeared in the proceedings of all the major Russian 
Refrigeration Research, Training and Project Designing 
Institutes, and other organizations engaged in scientific 
investigations in the field of refrigeration. 

63s. net ($10.00) 


FUNDAMENTAL DATA OBTAINED 
FROM SHOCK TUBE EXPERIMENTS 


Edited by Antonio Ferri 


This volume, AGARDograph 41, presents a collection of 
monographs in the fields of chemical, physical and 
thermodynamic problems investigated or investigable 
experimentally by shock tube techniques. 

84s. net ($12.00) 


INCREASING THE LOADING ON 
GEARING AND DECREASING 
ITS WEIGHT 


Edited by M. M. Saverin 


This important volume contains the results of a series 
of investigations in the U.S.S.R. undertaken to find the 
most efficient ways of running gear transmissions to 
allow full use of their load-carrying capacity and to reduce 
their weights. 70s. net ($12.00) 


ELECTRON OPTICS IN TELEVISION 
I. I. Tsukkerman 


This important translation work by a leading Russian 
authority covers an aspect of television engineering and 
design not normally adequately covered in books designed 
for a general television course, with chapters on Electron- 
Optical Elements of Television Tubes; Foundations of 
Electron Optics; Emission Systems; Focussing of Beams; 
The Deflection of Beams; and the Formation of The 
Electronic Image. 55s. net ($8.50) 


STRUCTURAL MECHANICS 
IN THE U.S.S.R. 1917-1957 


Edited by I. M. Rabinovich 


This volume surveys the immense number of Russian 
investigations in structural mechanics in a series of 
compact articles. Particularly important are the contri- 
butions on the theory of plates and shells, theories of 
elasticity and plasticity and approximate methods of 
structural analysis. Each chapter is followed by a 
bibliography, and some 3000 references in all have been 
used. 60s. net ($8.00) 


Send for fully descriptive leaflets 


PERGAMON PRES 


OXFORD LONDON NEW YORK PARIS 


Headington Hill Hall, Oxford 
4 and 5 Fitzroy Square, London, Wil 
122 East 55th Street, New York 22, N.Y. 
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\ang into account practical problems, since the governing 
\ferential equations are developed for hydraulic and thermal 
tems as well as mechanical and electrical. Also, the 
{chanical and electrical analogies are indicated, wnich is 
}ful. But, alas! the remainder of the book, except for one 
jupter, is solely concerned with the linear theory of the 
ign of simple control systems for determinate inputs, such 
could be found in any of about twenty books already avail- 
4/e, several from the same publishing house. This is not to 
‘that it is not well presented and useful, but is it really 
essary? Anyone who has Truxall’s Automatic Feedback 
\ntrol Systems Synthesis, published in 1955, has everything 
jt is in this book and even if he only has Brown and 
mpbell’s Principles of Servomechanisms, published in 1948, 
{jis unlikely to learn from this book anything more which 
| help him in the design of control systems. 
jNon-linearities get short shrift, with only twenty-six pages 
Jing with describing functions. There is no mention of 
jjise-plane techniques nor of any of the more modern 
jthods of dealing with non-linear systems. In a chapter on 
japlex control systems, the authors fail to distinguish 
“ween multi-loop and multi-variable systems and the latter 
l) only dealt with in a very cursory manner, but it is useful 
it the aircraft control system, which involves interaction 
“ween the varieties, is dealt with as an example. Load 
jiations are mentioned, but only those that occur explicitly 
“he governing equation of the system, which is the easy case 
leal with but by no means typical. The real problems arise 
j2n the load changes are parameter changes in the transfer 


Surely the time has come when a book of this sort should 
| more emphasis on statistical methods of design, which 
| precise, rather than the ‘cut and try’ methods which have 
in the ‘bread and butter’ of authors in the control engineer- 
field for so many years. Anyone would think that, in 
# majority of problems facing him, the control engineer 
ws what the input to his system is going to be, whereas 
4; obvious that in practice this is the exception rather than 
! rule, and when high performance is required it is quite 
jsntial that statistical methods be used. It is, however, 
Jepted that in many practical cases the methods described 
ithis book have proved satisfactory. Even so, designers 
jed with a practical problem usually apply these methods 
‘#y as a guide, because they know they have insufficient 
j>rmation to make an accurate analysis and in any case 
iy will have to make some adjustments when the system is 
jtalled. When it is installed they have access to the closed 
/p response and no longer need methods of investigating 
4 closed loop response when only the open loop transfer 
) ction is known. 

{This book may be excellent for teaching, but those who 
4 concerned with the design of practical systems will do 
‘ter to go to the first book on the subject from the same 
}olishing house, to wit, James, Nichols and Phillips’ Theory 
‘Servomechanisms, first published in 1947, which is a very 
‘ch more practical book, in spite of its title. 

J. F. COALES 


; ervoltage research and geophysical applications. Edited by 
oe R. ‘WAIT: (London: Pergamon Press, 1959.) 
Pp. viii + 158. Price 55s. 


jis book is concerned with the induced polarization arising 
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when a current is passed between electrodes in the ground 
and its application as a method of prospecting for minerals. 
It is, in fact, an assemblage of ten papers, written by nine 
authors, one of whom is the Editor. All the contributors 
are, Or were, associated with the Newmont Mining Cor- 
poration which has been investigating the phenomenon both 
in the laboratory and in the field for over ten years. It is, 
without doubt, the most comprehensive book on this subject 
and the main criticism is its lack of continuity—a feature 
which inevitably follows from this type of production. 

After a brief history, the distribution of current in a 
continuous body is examined if a volume element dv of the 
medium acts as a current dipole of strength —mjdv where j 
is the current density and m, like ‘chargeability’, is a constant 
of the medium and represents the influence of the induced 
polarization. Such a system will influence the observations 
made with d.c., a.c. and the growth and decay step functions 
applied to the ground. These aspects are discussed in 
relation to observations on the properties of rocks measured 
in the laboratory and applied in the field as a method of 
prospecting. It appears that the method has been successful 
particularly in the search for some disseminated metallic 
sulphides which yield large induced polarizations. 

J. M. BRUCKSHAW 


Heat 


Conduction de la chaleur en régime variable. By G. RIBAUD. 
(Paris: Gauthier-Villars, 1960.) Pp. 90. Price 18NF. 


This is a very simple and straightforward account of the 
mathematical and graphical method of solution of the 
unsteady state heat conduction equation. As far as your 
reviewer can see, it does not attempt to introduce new 
methods nor does it attempt to discuss detailed experimental 
work. It is purely a straightforward account of the equations 
and methods of their solution. The thermal properties of 
a number of materials are given in a table in the neighbour- 
hood of atmospheric temperature, but the complicated prob- 
lems which arise from the variability of thermal conductivity 
and specific heat with temperature are not dealt with in any 
detail. The diagrams are very clear and well drawn, and 
there are a number of worked out examples of iterative 
graphical and tabular methods of solution. One could not 
ask for a clearer and more accurately presented account of 
a limited field, and the book can be fully recommended for 
teaching purposes for those who wish to be sure that they 
will make no mistake in the solution of the equations of this 
type of heat transfer. M. W. THRING 


Direct conversion of heat to electricity. Edited by J. KAYE 
and J. A. WetsH. (New York: John Wiley and Sons; 
London: Chapman and Hall, 1960.) Pp. ix + 363. 
Price 70s. 


This book contains a number of papers dealing with the 
different methods of converting heat directly to electricity. 
Several of the papers had already been published in 1958 
and 1959, and those not previously published were presented 
at a meeting at the Massachusetts Institute of Technology 
in 1959. The Editors decided that the subject was so live 
that it was desirable to publish these papers quickly; no 
attempt has therefore been made to correlate the papers or 
to combine and reorganize them into a homogeneous account. 
There is thus a certain amount of repetition, particularly in 
the first two sections. The first of these deals with close- 
clearance vacuum thermionic diode converters, and the 
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second with diodes containing a low pressure of caesium 
which is ionized and so serves to decrease the space-charge 
limitation of the emission. The different points of view in 
these papers lead to essentially the same conclusions, although 
this is not obvious in all cases; it is a good exercise for the 
reader to study these papers and to co-ordinate them for 
himself. 

These sections are followed by two short interesting papers 
about magnetohydrodynamic converters, which analyse the 
conditions required to make this type of generator practic- 
able. The third section on thermoelectric converters deals 
with the basic theory, generator design considerations, the 
determination of the basic parameters of thermoelectric 
materials, and the detailed properties of two of these 
materials. A thermoelectric refrigerator is also described. 

The final section surveys the developments in fuel cells as 
direct energy converters. 

The presentation of these papers in one volume will be 
found useful and stimulating by the increasing number of 
people working on this subject. D. A. WRIGHT 


Radiation pyrometry and its underlying principles of radiant 
heat transfer. By T. R. HARRISON. (New York: John 
Wiley and Sons; London: Chapman and Hall, 1960.) 
Pp. xi + 234. Price 96s. 


This is a first-class specialist book primarily concerned with 
the statement and derivation of the mathematical equations 
concerned in the design and use of radiation pyrometers. It 
starts accordingly with three chapters discussing the laws of 
emission, absorption, reflection and transmission of thermal 
radiation, and then goes on to give in the remaining chapters 
mathematical analyses of the physical and operating char- 
acteristics of radiation pyrometers and the corrections for 
emissivity of the source. A detailed analysis is also given of 
the light guide radiation pyrometer using a saphire rod 
projecting from the furnace into a radiation instrument so 
that measurements can be taken where a very small hole is 
available up to somewhere near the melting point of alumina. 
Detailed tables for the calculation of the black body radiation 
characteristics as a function of temperature and wavelength 
are given, and also a set of diagrams and sample calculations. 
The book would therefore be invaluable to anyone concerned 
with the design of radiation pyrometers, or their use in special 
cases other than those for which they were intended. Calibra- 
tion of radiation pyrometers is dealt with rather more from 
the theoretical aspect than from the point of view of practical 
details of calibration furnaces; for example, the use of carbon 
tubes for electric heater elements for calibrating total radia- 
tion pyrometers up to 1700° c developed in the steel industry 
of this country is not mentioned. M. W. THRING 


Mathematical tables 


Quantum chemistry integrals and tables. By J. MILLER, 
J. M. GERHAUSER and F. A. MaTSEN. (Austin: University 
of Texas Press, 1959.) Pp. 1223. Price $15. 


This work is an extensive collection of some integrals and 
tables needed in quantum mechanical calculations of the 
properties of atoms and molecules. It is concerned with 
Slater type-atomic orbitals and has been prepared to assist 
in obtaining any one- or two-electron, one- or two-centre IIky, 
2s or 2po integrals over the operators involved in energy and 
dipole moment calculations. The first few pages give algebraic 
formulae for these integrals in terms of the common auxiliary 
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functions A, B, Gand W discussed by Kotani et al. Numeriij 
tables of these four auxiliary functions then follow: that 
W is especially extensive and runs to 1125 pages. 
calculations were made on an IBM 650 computer with dou} 
and triple precision floating-point interpretive routines. 
eliminate errors the tables were printed by a photo-off 
process from the original computer output. The tables 4} 
easy to read, with the values of the integrals given in a floatiz 
point system. The decimal exponents however need a li ‘| 
getting used to. The number 12-345 which is 10? x 0- 1234 
is printed as 52 12345, the exponent having been increased|j} 
50. The authors are to be congratulated on their industry 
D. W. J. CRUICKSHANK 


Nuclear physics, apparatus, techniques and data 


Neutron detection. By W. D. ALLEN. 
Newnes, 1960.) Pp. vii + 260. Price 45s. 
| 


The subject of this book is one of immense practical impf 
tance, not only to the experimental nuclear physicist, but aig) 
to that growing band of reactor technologists, who jf} 
concerned with the design and operation of new react 
plants. The author has evidently found it difficult to dec} 
to whom his book should be addressed, and has adopted 
middle course, several of the earlier chapters summarizg 
the necessary elements of nuclear physics and parti 
detection. Later chapters do, however, detail those methd 
and techniques which the author considers important and} 
takes the trouble to provide an extensive bibliography 

\ 


(London: Geol 


appendices. 
The contents of the book may be seen from the chap 
headings—Introduction; Reactions used in neutron detectid 
Chief instruments of neutron detection; Applications 
neutron detection and neutron standards. On the whole * 
treatment is good so far as the experimental nuclear physi 
is concerned, but the reader interested in the uses of neutt 
detection in nuclear reactors will find many omissions. A 
the author claims that the subject-matter covers material 
to the end of 1957, but there are a number of importd 
omissions from his bibliography which would interest i 
reactor technologist. Nevertheless the book is a valuagit 
addition to our Library on radiation and particle detect} 
and will be found useful to both students and workers in 4 
field alike. The standard of the printing and figures 
excellent. D. TAYLOR 


Reactor handbook. Vol. 1. Materials. 2nd revised et 
Edited by C. R. Tipton. (London: Interscience 
lishers, 1960.) Pp. xv + 1207. Price £13. 


After five years we have a second edition of the Rea 
Handbook. This massive volume of over 1000 pages, pif 
pared under contract for the U.S. Atomic Energy Co. 
mission, is one of a series of four. The other three |}! 
Physics and Shielding, Engineering and Fuel Reprocess}t 
will come out later. 
The new layout now includes liquids and gases as welllé 
solids. The scope may be seen from the section headit 
which are: General (safety, radiation damage, etc.); 
materials; Cladding and structure materials; Contill 
materials; Moderator materials; Coolant materials al 
Shielding materials. The bulk of the text is devoted to fi 
and to cladding and structural materials. Alloys of | 
fissile elements and high temperature metals are discuss 
in some detail. ; 
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(The text comprises a series of articles by specialists pro- 
ely sprinkled with graphs and tables. Each section has a 
ig bibliography including some classified documents for 
}: benefit of those having access to them. 

|Jnfortunately the dates of the references only run up to 
ly 1958 which excludes the papers presented at the 2nd 
\neva Conference later that year. 

it is doubtful whether many individuals will afford the 
i$ for this book but for library reference it must be con- 
‘fered as the authoritative work, particularly for metal- 


=~ 


By C. F. Powe i, P. H. Fow er and D. H. PErKINs. 
(Oxford: Pergamon Press, 1959.) Pp. xvi + 669. 
Price £12 10s. 


4 ring the last 10 to 15 years tremendous interest has been 
pwn in the quest for new fundamental particles and in the 
jj luation of their properties. It is widely accepted that the 
Jyarkable progress made in this field of study is largely 
(2 to the exploitation of experimental techniques which 
eal the tracks of charged particles. These ‘visual tech- 
‘ues’ include the Wilson cloud chamber in various forms, 


: The cloud chambers and emulsions were 
Gt used with success in the cosmic-ray flux of high-energy 
ticles. Later all the visual techniques were used in beams 
“particles generated by the giant accelerating machines. 
clear disintegrations produced by particles with a wide 


ictrum of energies have been studied in detail, and par- 


Professor Powell and his two colleagues have themselves 
ide many important contributions to our knowledge both 
cosmic-ray and particle physics, using the photographic 
Sthod. It is, therefore, most appropriate that they should 
te a very detailed account of the techniques used in 
Julsion work and also to include an authoritative account 
‘the basic discoveries. 

(he scope of the book is very ambitious but, without 
jibt, the authors have succeeded. A detailed account of 
/, development of the emulsion technique, from the earliest 
vs of w-ray tracks in emulsion in 1911 to the present-day 
of stacks of emulsion, is given together with a detailed 
gcussion of the properties of the fundamental particles. The 
i, two chapters are concerned with studies of the behaviour 
‘primary cosmic rays in emulsions, and with nuclear col- 
Jons at energies greater than SO Gev. At present particles 
ithese energies are only found in reasonable numbers in 
4 cosmic rays near the top of the earth’s atmosphere. The 
»%k is copiously illustrated; the beautiful microphoto- 
¢phs form an atlas which illustrates both the capabilities 
he different kinds of emulsion and many of the properties 
the particles produced in energetic nuclear disintegrations. 
¢his book will be of the greatest value to physicists working 
h the emulsion technique. It must surely be their basic 
rence work for many years to come, both for the history 
ithe subject and for the detailed discussion of the tech- 
jues as currently employed. The references are numerous 
4| well chosen. The book, however, is not solely for the 
jert, or would-be expert. It can be strongly recommended 
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The production is excellent and there appear to be few 
errors, a remarkable achievement in such a large and detailed 
work. 

CC BUnDER 


Pure and applied physics, Vol. 9. Nuclear spectroscopy. Parts 
A and B. Edited by F. AJZENBERG-SELOVE. (London 
and New York: Academic Press, 1960.) Part A, pp. 
xxi + 621. Part B, pp. xv + 526. Price £5 14s. 6d. 
each. 


The detailed study of energy levels of nuclear systems has 
now been going on intensively for some time. The volume 
and complexity of the information now available is very great 
and must indeed be terrifying to the newcomer in the field. 
Many attempts have been made to present this information in 
predigested form in periodical reviews or as card indexes. 
The editor of the book under review has herself done yeoman 
work in a series of review articles. The present book tries 
fairly successfully to put all this in clear and handy form. It 
can only be partially successful because there is as yet no 
unified theory to put in the first chapter to which data could 
be related. In fact the theories (four of them) are relegated 
to the last section. 

The first volume has chapters by twenty-two of the most 
experienced experimentalists on all the techniques which have 
been used to find things out about energy levels. The main 
parameters to be determined are energy, angular momentum, 
parity, isotopic spin, electric and magnetic moments and the 
lifetime of the excited state. In describing the experimental 
methods, the authors in fact survey practically the whole field 
of low energy nuclear physics. 

In the second volume, nine authors show how the experi- 
mental data can be analysed to give more basic information 
and correlations. Here, theoretical guesses about the struc- 
ture of the nucleus or about the nature of nuclear matter 
begin to intrude. Finally the nuclear models which attempt 
to correlate large areas of the experimental data are described 
—the shell model, intermediate coupling model, collective 
model and complex potential model. 

One can hope that by the time another edition of this book 
is prepared the number of models required will be reduced 
to one. In that case, however, nuclear spectroscopy would 
be much less interesting. In the meantime the present book 
will be invaluable to the working nuclear physicist. 

EB. B. PAUL 


Experimental nuclear physics. Vol. 3. Edited by E. SEGRE, 
G. C. HANNA, M. DeuTscH, O. KOFOED-HANSEN and 
E. M. McMILLAN. (New York: John Wiley and Sons; 
London: Chapman and Hall, 1959.) Pp. ix + 811. 
Price £9) 4s. 


This is the third and final volume of a useful advanced text 
book on practical nuclear physics. Two-thirds of the present 
volume is devoted to a detailed survey of the phenomena of 
radioactive decay. The approach is that of the experimen- 
talist. Sufficient theory is included to enable the experimental 
results to be interpreted. This portion is introduced by 
E. Segré in a chapter summarizing the mathematical for- 
malism used to describe radioactive decay. Alpha radio- 
activity is the subject of another chapter by G. C. Hanna 
which is a model of completeness and clarity. Martin 
Deutsch and Otto Kofoed-Hansen have jointly prepared the 
next two sections on gamma rays and beta rays. Although 
gamma-ray decay resulting from a nuclear reaction is an 
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important phenomenon, the authors have chosen to concen- 
trate on gamma ray phenomena resulting from radioactive 
decay. Though the theory is, of course, the same no matter 
how the nucleus became excited, the experimental material 
is somewhat different. The chapter on beta rays is a clear 
and useful exposition of the whole subject. Many new 
experimental techniques were developed in the period of 
feverish activity following the discovery of the violation of 
parity in B-decay. This is treated in an extensive section 
on experiments concerning neutrinos. 

The final third of the book is an article on particle accelera- 
tors by E. M. McMillan. This differs considerably in 
approach from the rest of the book. A large part is devoted 
to the early history of accelerators and much of the remainder 
is descriptive material. Much of this is very interesting, but, 
for only a few machines does it give enough details to under- 
stand why they work. Although in the preface it is stated 
that only nuclear phenomena below the meson threshold are 
included, in the accelerator chapter fairly long accounts of 
machines in the Gev range are included. B. B. PAUL 


Atomkraft. By F. MUNZINGER. 3rd edn. (Berlin: Springer- 
Verlag, 1960.) Pp. xii + 304. Price DM. 42. 


The author, a well-known German power-station engineer, 
calls his book a critical introduction for engineers, econo- 
mists and politicians. From this aspect it can be considered 
a valuable contribution to the existing literature. It is not 
written for workers in the field, and refinement in the 
theoretical presentation has been displaced by the desire for 
simplicity. Mathematical treatment has been avoided 
whenever it seemed possible. The economic aspects are 
rather strongly emphasized. A large amount of information 
has been collected and references are given for more detailed 
studies. 

The first chapter is an introduction to fundamental 
principles of nuclear energy and an attempt is made to give 
a simple qualitative presentation of the different phenomena 
and requirements. The second technical chapter is a rather 
comprehensive survey of the different types of reactors 
including a description of representative projects. The 
principal difficulties and the limitations of the different 
approaches are stated and associated problems like waste 
disposal and possible hazards are briefly dealt with. A short 
article on the possibility of fusion is also included. In the 
third chapter the economics of nuclear power are discussed 
in detail, mostly based on American publications. The 
situations in the different countries are compared and some 
extrapolations for the prospects in West Germany are made. 
A comparison of the various national atomic power pro- 
grammes is given. The second and third chapters are 
particularly useful references for general information. 

The last chapter. deals briefly with the aspects of mobile 
atomic power units. H. ScHMIDT 


Nuclear photo-disintegration. By J.S. Levincer. (London: 
Oxford University Press, 1960.) Pp. 144. Price 15s. 


Several excellent review articles covering the field of photo- 
nuclear reactions have appeared in the literature in recent 
years. The present work is, however, the first book devoted 
to this subject, and in it Professor Levinger has attempted 
not simply another review of the theoretical or experimental 
material in the literature, but rather a logical development 
of the theory of nuclear photo-disintegration. 

The development starts with calculations of the atomic 
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photo-effect and thence to the nuclear effect for cases wi 
the analogy is valid. This is followed by chapters discuss 
the photo-disintegration of the deuteron, sum-rule calc 
tions, discrete transitions, total photon absorption cj 
sections, and the products of nuclear photo- -disintegrat}} 
The applicability of various nuclear models in describing) 
observed phenomena is discussed. The book contains «lf 
brief mention of experimental techniques, experimental regiff 
being quoted to illustrate the validity of the calculati) 
The bibliography contains 224 references up to 1959. 

There can be no doubt that this excellent little book, wl} 
is published at a popular price, will find its way as a refere| 
work on to the bookshelf of any physicist who is intere# 


nuclei. 


Optics 


The technique of photomicrography. By D. F. Laws 
(London: George Newnes, 1960.) Pp. xvi + ] 
Price 55s. 


This is a useful laboratory manual. It is entirely 
mathematical, and concentrates upon providing informa 
for use at the bench. All parts of the essential optical eqy 
ment are described, including (as is characteristic of boi} 
of this kind) much that could equally well be found 
manufacturers’ catalogues. Judged by present-day standa: 
the illustrations, especially the colour reproductions, sq 
rather poor; this applies more especially to the plates, |Ijf 
line-drawings are much better. There are some curilf 
vagaries; for instance the treatment of phase-contrast ; 
of interference methods is excellent, whereas that 
Conoscopic figures in crystals is most obscure. The lal 
i 
units needed for success. 
Special methods of illumination, like infra-red 
fluorescence techniques are discussed, with data relating 
filters, transmission limits and so forth to correspond. 


not only says little about what is happening, but fails 
bring out the special arrangement of condenser and 

the end is a valuable glossary of terms, classified bib 
graphy, and an adequate index. F. I. G. RAWL 


1 


Space and aircraft technology 


Space technology. Edited by H. S. Semrerr. 
John Wiley and Sons; London: Chapman and 
1959.) Pp. xvi-+ 1000. Price £9, 


This book contains a large amount of useful material 
anyone working on any aspects of space exploration. 
includes so much that it could not fail to contain a great dj 
of interest for any scientist or engineer even though # 
a specialist in the field. The techniques required in sp 
exploration are so wide that many branches of astronomlf 
aerodynamics, physics, chemistry and biology are involve 

The material included in the book covers the content 
a comprehensive lecture course given in the Universi 
California. It is divided into five main sections, the fil) 
dealing with flight dynamics, the second with propulsion dt 
vehicle structure engineering, the third with communicati 
and guidance, the fourth with environmental problems#} 
man in space and the last with scientific and other appli} 
tions. There is even included in the appendix a list of df 
hundred questions on the subject-matter of the course. I 

Two introductory chapters discuss the reasons why /}) 


ti 
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ject of space exploration is of interest and importance. 
\ything especially new appears but it is nevertheless interest- 
\; to see expressed in print some of the reasons why there 
yuch great activity in the subject in the United States. 

\fhe section on flight dynamics includes chapters on flight 
‘formance of a rocket, trajectory optimization, earth 
ellites and perturbation theory, the vanguard satellite 
jectories and orbits, lunar flight trajectories (a very useful 
jupter), interplanetary observatories, low-thrust flight, time 
jation effects in space travel, heat transfer at hypersonic 


id rocket propulsion, nuclear rocket propulsion, magneto- 
drodynamics, structural configurations and materials and 
egrated design analysis. The next section contains chap- 
is on the feasibility of space communication, space com- 


| Sa ; ; ; 
jmication implementation problems, problems of radio 


minal guidance. Chapters on the physical factors of the 
fice environment, medical aspects of manned space flight, 
ice cabin design and crew performance comprise the next 
In the final section there are chapters on the 
i.Y., research in the upper atmosphere, scientific uses of 
The latter is a 


whom is closely connected with one or other aspect of 
i, subject. 

I t is inevitable that the different chapters are somewhat 
ieven, but there is an immense amount in the book which 
al be invaluable as a reference text to which one may turn 
fj information on almost any branch of a very broad subject. 
j2 value is enhanced by the provision of a list of references 
j2r each chapter. Even those who, for one reason or 
jother, regard space research as an over-expensive luxury 
4 xyht find the book of much interest as a text in applied 
}2n1ce. 

H. S. W. MASSEY 


iichtbau. Bauelemente, Bemessungen und Konstruktionen 
' yon Flugzeugen und anderen Leichtbauwerken. By H. 
HervTeL. (Berlin: Springer-Verlag, 1960.) Pp. xxviii + 
526. Price DM. 67.50. 


liching and research in the field of aircraft technology were 
ierrupted in Germany for a period of about 12 years 
owing the end of the Second World War, and when they 
te resumed at the end of 1955 the need for a modern 
icbook was apparent. This book was written to fill the 
td and is based on the author’s lectures given at the Tech- 
jal University, Berlin. It is a book written by a designer 
designers, and mathematical derivations and theories are 
/ included. Nevertheless, theoretical knowledge and 
sctical experience are dealt with together in order to clarify 
jaciples and to provide a basis for new design. Exhaustive 
iitments of basic constructional problems should give the 
ident designer a clear understanding of fundamentals and 
“ble him to tackle future problems successfully. 

jn spite of a comprehensive treatment of conventional aero- 
%ineering practice the book does not expound new problems 
4ing in this rapidly advancing industry. For example, no 
ference could be found to aero-dynamic heating in high- 
Jed flight. The book has a very detailed and systematically 
‘divided list of contents running to 20 pages, but the 
“ence of an index will severely handicap the user. 

W. BETTERIDGE 
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Symposia and conference proceedings, etc. 


Viscoelasticity: phenomenological aspects. Edited by J. T. 
BERGEN. (New York and London: Academic Press, 
1960.) Pp. x +150. Price 48s. 


This book consists of the seven papers presented at a sym- 
posium on the phenomenological aspects of viscoelasticity 
which was held on 28th and 29th April 1958 at the Research 
and Development Centre of the Armstrong Cork Company, 
Lancaster, Pennyslvania. 


Solid state physics in electronics and telecommunications. 
Vols. 1, 2 and 3. Edited by M. Désirant and J. L. 
Micutets. (London and New York: Academic Press, 
1960.) Vol. 1, Semiconductors, Part 1: Pp. xxiii + 638. 
Vol. 2. Semiconductors, Part 2. Pp. xvii + 646. Vol. 3. 
Magnetic and optical properties, Part 1. Pp. xvi + 557. 
Price £6 8s. 6d. each volume. 


These books consist of the published proceedings of an 
international conference held in Brussels from 2nd—7th June 
1958. There were some 800 active participants at this 
conference coming from twenty-three countries and 250 
papers were presented. 

The papers in the first volume are on the preparation and 
properties of semiconductors, solid state theory, effects of 
intense electric fields, noise and surface phenomena. Volume 
2 is on semiconductor compounds, applications, devices and 
power rectifiers. Volume 3 is on ferrites, properties of 
magnetic materials, garnets and magnetic resonance and the 
fourth volume will contain the remaining papers on magnetic 
and optical properties. 


Plasma dynamics. Edited by F. H. CLauser. (London: 
Pergamon Press, 1960.) Pp. ix + 369. Price 84s. 


A symposium on plasma dynamics, sponsored by the U.S. 
Air Force Office of Scientific Research and prepared under 
the auspices of the U.S. National Academy of Sciences, was 
held in Massachusetts in June 1958. There are nine chapters 
under the following titles: Astrophysics; Fluid mechanics; 
Thermonuclear physics; Gaseous discharges; Electron beam 
dynamics; Statistical mechanics. 


Structural damping. Edited by J. E. Ruzicka. (Oxford: 
Pergamon Press, 1960.) Pp. iv + 165. Price 30s. 


This book contains the papers presented at a colloquium on 
structural damping, sponsored by the Shock and Vibration 
Committee of the Applied Mechanics Division of the 
American Society of Mechanical Engineers, was held at the 
ASME annual meeting in Atlantic City, in December 1959. 


Photochemistry in the liquid and solid states. Edited by L. J. 
HemwtT, R. S. Livincston, E. RaABinowitcH and F. 
DanieLs. (New York: John Wiley and Sons; London: 
Chapman and Hall, 1960.) Pp. vi + 174. Price 40s. 


This book is based on a symposium sponsored by the National 
Academy of Sciences and the National Research Council. 
The authors discuss photochemistry storage, photochemical 
reactions, and the requirements for reaction types which 
might prove useful for storing solar energy. 


Medical electronics. Edited by C. N. SmytH. (London: 
Iliffe and Sons, 1960.) Pp. xxiii + 614. Price £7 5s. 


The proceedings of the Second International Conference on 
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Medical Electronics, held in Paris from 24th—27th June 
1959, are contained in this book. For convenience in publica- 
tion the papers have been re-grouped into eight broad 
sections under the following headings: Electrophysiological 
techniques; Electroencephalography; Cardiology; Mano- 
metry and flow measurement; Acoustic techniques; Auto- 
mation in medicine; Radiology and isotopes; Chemical 
instrumentation. 


Immediate and low level effects of ionizing radiations. Edited 
by A. A. BuzzaTi-TRAverso. (London: Taylor and 
Francis, 1960.) Pp. xii + 381. Price £2 15s. 


Under the joint sponsorship of UNESCO, IAEA and 
CNRN a symposium was held in Venice in June 1959 on 
the immediate and low level effects of ionizing radiations. 
The proceedings have now been published as a supplement 
to the International Journal of Radiation Biology containing 
the thirty-three papers appearing in their order of presentation 
at the meeting. 


Electromagnetic wave propagation. Edited by M. DEsIRANT 
and J. L. Micutets. (London and New York: Academic 
Press, 1960.) Pp. xiti + 730. Price £7 17s. 


This volume contains the papers presented at the inter- 
national conference sponsored by the Postal and Tele- 
communications Group of the Brussels Universal Exhibition 
held in 1958. Over fifty papers are presented by authors 
from eleven different countries. 


Gas chromatography abstracts. Edited by C. E. H. KNAPMAN. 
(London: Butterworths Scientific Publications, 1960.) 
Pp. ix + 164. Price 42s. 


This volume of abstracts is the first to be compiled by the 
Abstracting Service organized by the Gas Chromatography 


Note. 


page 83. 
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We have also received copies of several new journals, 
details of which are given under Notes and Comments on 
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Abstracts Editorial Committee of the Gas Chromatogra 
Discussion Group, and it is a continuation of the 
already published in the inaugural volume Gas chrome 
graphy abstracts 1958. 


Theoretical physics 


The statistical theory of phase transitions. By B. T. GEILIKM||| 
Translated from the Russian. (New York: Consulta} 
Bureau; London: Chapman and Hall, 1959.) Pp. | 
Price 32s, || 

This is a book for theoretical specialists only, and indi 

only for those theoretical specialists who can cope hapjy 

with irritatingly bad, or singularly infelicitous, English 3 

typography. The reviewer, alas, has not proved fully capaj 

of so doing: though perhaps he is asking for a freer tran) 
tion and higher standard of production than are practica 
feasible. Suffice it to say that the work appears to by 
serious attempt to reckon with the volume-dependencey 
the cluster integrals in Ursell-Mayer imperfect gas thed 

The book was published in Russia in 1954. Since then) 

independent attack on this problem has been made by Iki 

(Progress of Theoretical Physics, 1956 and later), and any) 

wishing seriously to enter this difficult field should certai 

compare the two approaches. It is a pity that the work unt 
review is as agressive as it is in tone; for the pioneer work: 

Mayer, Kahn and Uhlenbeck, Born and Fuchs, particule 


| 
Mayer, were not only breaking new ground but tical 
quite new standard of achievement in statistical thea} 
Nevertheless all translations of significant Russian work 
to be welcomed. The present translation was prod 
by Consultants Bureau, New York, in 1957, but has of 
recently been published at the present reasonable price. 
reviewer regrets that there is no indication in it of of 
monographs obtainable in the same series. 
G. S. RUSHBROOK$ 


VoL. 12, FEBRUARY 1961} 


| 
MEP ERS (continued) 


————— eee 


)jentific and Industrial Research, Karachi, Pakistan 


Abstract 


aye inter-molecular energy of activation of viscous flow 
jy been measured at close intervals of 2 to 5 deg c for 
‘icerol, ethylene glycol and thrice-distilled water, using 
i) logarithmic derivative of the Andrade (1934) equation, 
\nely, 
I Aln e/k 
i 


ithe case of water and ethylene glycol, the temperature 
4; been controlled to 0-002 and 0-005 deg c respectively, 
\\1 the temperature intervals measured with a calibrated 
yckmann thermometer. By maintaining a corresponding 
weuracy in the viscosity measurement, the values of 
|, for water are reproducible to 0-1°% in the temperature 
lige from 6 to 45°c and to 0:3% from 45 to 72° c. 
2 results when plotted against temperature indicate a 
4 p-like variation of the energy «, the repetition interval 
yween steps being 25 degc for glycerol, 12 degc for 
uylene glycol, and 6-5 + 0-2 deg c for water. 

he drop between successive steps in water is sharp, 
i ending only slightly more than the measuring interval 
}2 deg cC, and each step is flat within the limits of experi- 
jntal error. The energy interval Ae between steps is 
) constant, but decreases steadily towards higher tem- 
satures. The average value of this interval Ae is of the 
ler of 80k, i.e. 0-007 ev, and is much smaller than the 
irmal energy kT, but is of the same order as the fine 
jicture observed in the OH absorption of water at 
"0 cm—!. 

‘he temperature variation found for «/k is compared 
ih the graph calculated from the viscosity data of 
jigham and Jackson (1918-19) on water, and fair 
jeement is obtained when the 2 deg C measuring interval 
the present experiments is smeared out to 6 deg C. 


1. Introduction 


theories of viscosity of liquids is taken to be the inter- 
4| action energy € between neighbouring molecules or 
jlecular aggregates, which then enters through the Boltz- 
jon distribution factor to give a formula of the type 


1 = Aexp (€/kT) (1) 
Jere A has the dimensions of Planck’s constant/volume, 


i is (apparently) proportional to the concentration of the 


[ ultimate seat of the viscous forces in all accepted 
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ivestigation of periodic discontinuities in the mutual potential 
anergy of molecules of water and some polyhydric alcohols 


\, M. M. QURASHI and A. K. M. AHSANULLAH, Physics Division, Central Laboratories of the Council of 


8. received 9th February 1960, in final form 2nd November 1960 


overcome for the relative movement of one layer with respect 
to the next, through a distance equal to the diameter of one 
molecular aggregate (Glasstone et al. 1941, Taylor and 
Glasstone 1951), and for most liquids will be a function of 
the temperature. For a fuller understanding of the mechanism 
of the viscous interaction in these liquids, it is therefore 
desirable to make an accurate investigation of the dependence 
of the energy € on the molecular structure and temperature 
for several pure liquids, and on the temperature and con- 
centration in the case of solutions. Preliminary experiments 
on two different grades of mineral oils (Qurashi 1958) had 
indicated a periodicity in the temperature variation of « and 
A, and a detailed study of this feature has since been made 
through more accurate measurements with the polyhydric 
alcohols, glycerol and ethylene glycol (Naseem and Qurashi 
1958, Rauf and Qurashi 1959), in which there are indications 
of a steep drop in € from one segment to the next. 

The measurements are based on Eqn (1), the logarithmic 
form being 


Iny =InA + (€/kT) 


from which it is usual to obtain «/k as the slope of a graph 
for In 7 against 1/7, but this graphical method is not adequate 
for studying the small-scale variations of €, and analytical 
methods have therefore been used. Differentiation of the 
above equation with respect to 7, in a range where e and A 
are sensibly constant, yields 


e/k = — T*(d/dT)(In yn), 
which gives for small finite temperature intervals Ge 
e/k = — T>(A In AT). (3) 


For an ideal monatomic liquid, as also for other liquids in 
regions where both 4 and « are constant, Eqn (3) is exact, 
while, in all other cases, this equation can be taken to give 
the mean value of €/k in the temperature interval because it 
is equivalent to calculating the slope of the chord of the 
curve for In 7 against 1/7, instead of the tangent. 

The experimental results for glycerol and ethylene glycol 
are shown in Figs l(a) and (4), and the horizontal portions 
of the graphs indicate that these hydroxylic liquids have 
constant « (and constant A) over certain short, regularly 
recurring ranges of temperature, and therefore simulate an 
ideal non-associated liquid in these ranges. Neither this 
feature nor the phenomena of recurring segments have been 
recognized by other workers. Since these appear to be of 
importance in the theory of the structure of liquids, it was 
considered desirable to extend the measurements to water, 
and also to attempt a correlation of the present type of 
measurement with accurate viscosity data obtained by earlier 
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investigators on water, which is the only simple liquid whose 
viscosity has previously been measured with sufficient accuracy 
over a wide temperature range. These experiments, which 
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Fig. 1. Plots showing the temperature dependence of the 

activation energy « of viscous flow for (a) glycerol and (6) ethy- 

lene glycol. The broken line curves show the parallel varia- 

tion of 0:45In(1/A) with temperature. Insets show the 
averaged variation over one segment. 
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are described below, were expected to be particularly 
interesting because of a probable connection with the mole- 
cular association and other anomalous properties exhibited 
by water. 


2. Experimental technique 


Equation (3) requires the accurate measurement of A In 7, 
i.e. In (72/1), where 4, and 7, are the viscosities at the two 
temperatures differing by AT. For the present experiments, it 
is easier and more accurate to measure the kinematic viscosity 
v =y/p and to calculate T7A ln 7/AT by means of the 
formula, 


oad es T2 


Alnv 


Ts Np 
Nie 


p ie 


é/k— BT? (4) 


where f is the coefficient of dilatation of the liquid and forms 
a small correction term. The measurements of kinematic 
viscosity v were performed with an ordinary U-tube visco- 
meter of the British Standard Specifications pattern with 
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precautions against contamination of the test liquid, e| 
The corrections for changing volume of the liquid and oth} 
factors have been discussed in previous communicatig} | 
(Qurashi 1958, Naseem and Qurashi 1958). When the ted} 

perature is controlled to 0-002 deg c, it is possible to atta 
an accuracy of | part in 20000 in the viscosity measureme : 
thus giving an accuracy of better than 0-005 in the i) 
mental value of (e/k)/1000, which is of the order of 1-8 

water at room temperature. The temperature intervals L 
were measured with a Beckmann (differential) thermomet; 
the six-degree scale of which was calibrated at intervals ||} 
0-5 deg c by comparison with a standard 1-0 deg c interw 

This differential calibration curve, obtained as the mean} | 
two experiments (solid circles and hollow circles) iS plott 
in Fig. 2, where the ordinates show the error in one sca 


BECKMANN READING 


Fig. 2. Differential calibration curve for the Beckman i 
thermometer showing the error in the value of a Beckman 
degree at different parts of the six-degree scale. 


degree as measured at different parts of the Beckmann scag 
The deviations of the points from the curve show that t 
curve is reliable to somewhat better than 0-002 deg c. 

The U-tube viscometer was supported in a Townson ag 
Mercer thermostat, with which it was found possible | 
control the temperature to such a degree that the Beckmay 
thermometer never showed a variation of more 
0-002 deg c, the mean temperature calculated from ten 
more Beckmann readings for each measurement of flow tit 
being then obtained correct to one half of this. The sucti 
of the water into the capillary limb of the viscometer v 
controlled with a ballast bottle (A in Fig. 4), and the viscosi 
measurements were taken with rising and falling temperat 
sequences (Naseem and Qurashi 1958, Rauf and Qurai 
1959) each flow time being measured thrice at temperatu ! 
below 30° c and five times at higher temperatures. Ea } 
series of observations was, in general, repeated with t 
different samples of liquid, both to confirm the reproducibi 
of the results and to obtain an experimental estimate of t 
standard deviation of the measurement of e/k. Two series 
experiments have been carried out in the case of water, o 
with twice-distilled conductivity water and one with the sa i 
water distilled three times in order to determine any variati 
with repeated distillation. 


3. Preliminary experimental results with water 


The results of the first series of experiments with ti 
distilled water, corrected for level variation, but uncorrectt! 
for Beckmann calibration, are shown in Fig. 3 (open circla} 
successive curves being displaced upwards through ‘i 
unit. These measurements were made with viscome i 
) 


No. 0 (constant = 0:000734), with a measuring inter 
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Graphs of («/k)/1000 obtained from the preliminary experiments on water without 


Bige3: 
© uncorrected values. 
t 


control of evaporation. 


e after application of Beckmann calibration correction; successive curves are displaced 


upwards by 0:1 units. 


*' =2degc. The lower part of Fig. 3 also shows the best 
arves drawn through the experimental points after appli- 
f tion of the calibration correction for the Beckmann scale 
‘lid circles). These corrected curves, as well as the standard 
Hviations of the points, are essentially the same as the 
devious uncorrected ones, because the calibration correction 
toduces a significant effect only in the third decimal place. 
Jie means of the corrected sets are plotted as solid triangles 
id the deviations of the points from the mean curve drawn 
}rough them in the figure are all less than 0-02, the standard 
iviation being nearly 0-009. 

/All the five graphs exhibit the presence of identical steps, 
2 interval between successive steps being very nearly 6 deg c. 
fom the mean graph for the two corrected sets of readings, 
fawn in the upper part of Fig. 3, with the observed steps 
jarked as A, B...F..., it is apparent that, although the 
ape of the steps closely resembles that for ethylene glycol 
} Fig. 1(5), the energy interval between successive steps is 
ht constant, but decreases with rising temperature, while 
e temperature interval remains nearly constant. In order 
} study these effects in more detail, it was necessary to 
ke measurements at closer intervals and to further increase 
je accuracy of the viscosity readings by controlling the 
/aporation of the water in the viscometer, which in spite of 
je applied correction appears to be the largest source of 
iror, especially at the higher temperatures. It was found 
»ssible to do this with the simple device shown schematically 


Fig. 4. 


4. Accurate measurements (with control of evaporation) 


A small (250 cm?) bottle B filled to about half its height 
th distilled water was connected on the open side of the 
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A mean of the corrected values from the two experiments. 


viscometer as shown in Fig. 4. By adjusting the depth of 
immersion of this bottle in the thermostatic bath, it is possible 
to arrange approximate vapour equilibrium inside the visco- 
meter, thus preventing loss of water from it and virtually 
making it a closed system. Except when sucking-up the 
water in the capillary limb for taking viscosity measurements, 
the tube C leading from bottle B to the atmosphere was kept 
plugged with a glass stopper. 

The measurements were carried out on thrice-distilled 
water at temperatures from 6 up to 72° c, and were divided 
into two ranges, viz. from 30 to 72° c and 30 down to 6° c, 
(viscometer No. 0, constant = 0-000734), ice-cold water being 
circulated by a pump through the cooling chamber of the 
thermostat when working in the lower range. Experimental 
data for Beckmann readings, together with flow times and 
the values of (e€/k)/1000, corrected only for level variation 
and error of the Beckmann scale, are given in Table | along 
with their standard errors, while Table 2 gives the mean values 
of (€/k)/1000, together with the errors as estimated from the 
differences between readings taken during rising temperature 
and falling temperature sequences, the standard deviations 
being calculated for groups of ten measurements. The 
smoothed corrections for expansion of the water (cf. Eqn 4) 
are given at the bottom of Table 2 for some temperatures, 
but have not been applied because it is not certain that they 
are always accurate in the third decimal place. The rate of 
increase of this correction per 10 deg c is seen to be nearly 
0-:0104 + 0-0005. It therefore appears that density measure- 
ments of a much higher order of accuracy than those available 
are needed to bring out the existence of any sharp changes 
in the values of B = — 0 Inp/0T. 

Table 1 indicates values of 0-002 to 0-005 for the standard 


BRITISH JOURNAL OF APPLIED PHYSICS 


ee 


Fig. 4. Arrangement for controlling evaporation of the 


water from the viscometer; A 


half-filled with the sample of conductivity water under test in 
the viscometer. Variation of the depth of immersion of B gives 
adequate control of the evaporation from the viscometer. 


deviation of the overall means of (€/k)/1000, and Table 2 
shows that, for temperatures below 45°c, the standard 
deviation is now nearly constant at 0:0024, corresponding to 
an accuracy to very nearly 1| part in 1000 in the measurement 
of the quantity «/k. Above 45° c, the standard deviation in 
Table 2 increases steadily, becoming as high as 0-007 at 
70° c, which is nevertheless much better than that attained 
previously, and is acceptable for the present investigation. 


5. Discussion of the experimental data 


The measurements are plotted in the lower part of Fig. 5 
(solid circles) together with the mean graph of Fig. 3 (curve 
only), which is displaced downwards by 0-1 unit. The agree- 
ment between the two graphs is satisfactory, and the deviations 
of the points about the new graph are only a fraction of the 
previous ones. This improvement is further reflected in the 
fact that the horizontal portions of the steps are now clearer 
and the drop from one step to the next is sharp, mostly 
extending over just 2 deg c. The values of (e’/k)/1000 and of 
the temperature at the middle of these flat portions are 
collected in Table 3, in which the unusually close steps at 
11-2 and 14-3° c have been labelled as 2(a) and 2(b). (The 
precise value of the temperature is best determined by pro- 
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THERMOSTAT 


is the air ballast bottle and B is 


ducing linearly the steep parts of the steps to meet the hor#) 
zontal regicns.) The values of (€/k)/1000 vary from 1° 
to 2:4, which are equivalent to an activation energy of 3 
5 kcal/g mol(~ 0:2 ev), and would therefore correspond i 
the breaking of one hydrogen bond between neighbourini 
molecular aggregates. 
In the inset to Fig. 5 are plotted the energy and temperatun 
at the middle of the flat (solid circles and hollow circles 
respectively) against the ordinal number of the step. it 
energy interval is seen to decrease steadily with increasingf 
temperature (solid circles), while a fairly good straight lini 
passing through the origin is obtained for the temperatu 
interval (hollow circles). This straight line has a slope 
6-5 + 0:2 degc per step, comparison of which with t 
corresponding figures for ethylene glycci (12 deg c per stery 
and glycerol (25 degc per step) brings out the signific 
fact that the three values are in the ratio of 1:2:4. Th 
averaged shape of one step in the temperature ranges oH 
6 to 35° c and 35 to 70° c is shown in Fig. 6, and compariso ) 
with the insets to Figs l(a) and (6) brings out the relati | 
sharpness of the drop between steps, which here extend 
over only 3 + O-S5degc, icc. 1degc greater than thi 
measuring interval. The energy ¢€ is usually believed t 
decrease uniformly and smoothly with increasing temperaturi} 


A 
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In 


€/k 


experiments taking A T = 6 deg c; 


! 
| 
@ associated liquids, but the present investigations show 
jit, at least for water, the energy-temperature curve is 
ide up of a series of sharp, regularly spaced steps. The 
icous behaviour over each flat (about 5-5 deg c in extent) 
accurately represented by the Andrade (or Eyring) 
#onential equation (1) with constant coefficients A and e, 
fd this fact, while confirming the utility of this relation for 
* case of associated liquids, also opens up the field for 
erpretation of the observed drop between successive steps. 
Eyring’s theory, « = free energy of activation and 
= (A), /A) + (nA3A), where A,, A, A3 are parameters that 
tine the linear extension of the molecular aggregates, and A 
wthe distance between two equilibrium positions in the 
hection of motion. 

@2xperimentally, one finds for the case of water that the 
jsrage value of the drop Ae between steps is 0:08 units of 
§)/1000, i.e. 0-007 ev per step, which is of the order of 
). fine structure observed in the OH absorption of water at 
90 cm~!, but is considerably lower than the thermal energy 
i, and the energy of 0:025 ev corresponding to the inner- 
jist translational Raman line (Cross et al. 1937) (200 cm~!). 
tis also lower than the energy transfers so far observed in 
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MEMPBRATUR ECC) — =e. 


(0 10 20 30 40 


Bottom. Plotsof (e’/k)/1000 obtained from the more accurate measurements on thrice-distilled conductivity water compared 

' with the mean graph of Fig. 3 (preliminary experiment), which is shown displaced downward by 0:1 unit. 

lop. The lower curve © is deduced from the standard data of Bingham and Jackson, and the other e is calculated from the present 

the arrows mark the limits of each segment. 

Plots of the value of («’/k)/1000 at each step (e) and the temperature at the middle of the step (©) against ordinal number 
of the step. 
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neutron diffraction measurements (Brockhouse 1957) with 
water. Also, since the temperature interval AT per step is 
6:5 +0:2degc, it follows that Ae/k (which is nearly 
80 per step) is of the order of 10 AT, i.e. Ac ~ 10kAT. The 
corresponding value of the drop in In (1/A) can be calculated 
to be (Rauf and Qurashi, 1959) 


A In (1/A) = A(e/k)/T = 80/313 = 0-26 (5) 


whence the mean ratio A,/A, for one step works out to be 
1-29, which does not appear to be a simple fraction, but 
may approximate to 4/3 or 5/4, which would be consistent 
with jumps between discrete values of A, A3, A3. 

The experimental. results (cf. Figs l(a) and (5)) have 
already shown that the quantities In A and e¢/k are closely 
related, In 1/A being approximately equal to constant plus 
2-5 (e/k) x 10-3, and their variations parallel each other. 
One can thus visualize the steps as being primarily caused 
either by a level structure in the energy ¢, or by the existence 
of discrete values of In A, through the parameters Aj, A, A; 
which define the linear dimensions of the molecular aggre- 
gates. The latter approach, i.e. discrete sizes of the 
aggregates, is probably more appealing, but, in view of the 
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Table 1. Beckmann readings, flow times and the calculated values of (€’/k)/1000 = — T?(A In v/AT)/1000 for 
thrice-distilled water at various temperatures from 5 to 73° C 


Heating sequence Cooling sequence 
Tem- Beckmann Time of flow Mean (€'/k)/1000 Tem- Beckmann Time of flow Mean (e’/k)/1000 | 
perature reading (s) temperature (not corrected for perature reading (s) temperature (not corrected. j 
= (6) (corrected) corrected (3G) density variation) (P1G) (corrected) corrected (Sic) density variatio' 
Sic 4-152 + 0-000 2057-94 + 0-03 5-15 4-152 +0-001 2057-86 + 0-05 
a _ a 6:22 2-352 + 0:0024 6°22 2-348 + 0-00 
7°30 1:952 + 0-001 1925-84 + 0-08 7:30 1°952 +0:001 1925-96 + 0:03 
8-12 2-334 + 0-0024 8-12 2-345 + 0-00 
8:95 0:314 +0:001 1834-95 + 0-05 8:95 0:314+0-001 1834-60 + 0-12 
9:20 5:075 +0-001 1816-80 + 0-15 9:20 5:076 + 0-001 1816-80 + 0-10 
10:20 2-252 + 0:0040 10:20 2-253: = 0-00 
11-2ORS-065s=2 00015 1717-12522 Ott 11°20 3-066 + 0-001 1717-06 + 0-20 | 
12:20 2-244 + 0-0040 12-18 22243" 22 05004 
13:20 1:067 = 0-001 1625-03 -— 0-10 13:15 1-068 + 0-001 1625-00 + 0-08 
10:15 4-071 + 0-001 1766-04 + 0-05 10:15 4-070 + 0:000 1765-92 + 0-10 
11:12 2-240 + 0-0048 Lilots, 2-235 en0sCe 
12:10 2-093 + 0-001 1671-80 + 0-12 12:15 2-092 + 0-001 1671-90 + 0-14 
13:00 2-208 + 0:0048 13-02 2-212 + 0-00 
13:90 0:298 + 0-001 1592-70 + 0-20 13:90 0-298 + 0-001 1592-73 + 0-06 
14:05 4-000 + 0-001 1589-10 + 0:06 14:05 4-002 + 0-001 1589-20 + 0-08 
(S205) 2519351070033 15:05 2-19] + 0-00 
16:05 1-934 + 0-001 1504-76 + 0-08 16:05 1:936 +0:001 1504-91 + 0-09 
16°82 2-142 + 0-0033 16:82 2-144 +0-00 
17:60 0-448 + 0-001 1448-76 + 0:06 17:60 0:449 + 0-001 1448-81 + 0-07 
Se 404-337) 00018 W615i-i29 007, 13:40 4-340 + 0-001 1615-10 + 0-08 
14:40 2-209 + 0-0038 14:40 2-205 + 0-00 
15:40 2-337 += 0:001 1531-03 + 0-08 15-40 2-338 + 0-001 1531-10 + 0-06 
16°30 2-157 + 0-0038 16:30 2"158 0-08 
17:20 0-542 + 0-001 1461-80 + 0-08 17-20 0-543 + 0-001 1461-85 + 0-08 
17:15 4-392 + 0-001 1465-43 + 0-11 17-15 4-393 + 0-001 1465-26 + 0-10 
18-12 2-091 + 0-0040 18-12 2-083 + 0-00 
19-10 2-405 + 0-001 1395-29 + 0-08 19-10) 2405 -10-001" 1395-37070 10 
20-10 2-078 + 0-0040 20-10 2-080 + 0-00: 
21-10 0-465 + 0:00] 1331-37 =: 0:09 21-10 0-465 + 0-001 1331-35 + 0-08 
17:95 4-552 + 0-000 1438-62 + 0-05 17-95 4-551 +0-001 1438-51 + 0-05 
18-95 2-091 + 0:0026 18:95 2-088 + 0-00 
19-95 2-550 + 0-001 1369-62 + 0-05 19-95 2-550 +0-000 1369-65 + 0-08 - 
20:95 2-069 + 0-0026 20°95 2-071 + 0:06 
21-95 0-547 +0-:000 1305-56 + 0-08 21-95 0-547 +0-000 1305-51 + 0-05 7 
21-00 4-208 + 0-001 1332:26 + 0-14 21-00 4-207 +0-001 1332-30 + 0:06 
21:85 1-985 + 0:0054 i 21-88 1-986 006 
22:70 2-458 + 0-001 1280-06 + 0:03 22-75 2-458 + 0-001 1280-10 + 0-11 * 
23:72 1-976 + 0-0054 cy 2357 Selle O75: 00: 
24-75 0-463 + 0-001 1224-04 + 0:14 24-75 0-462 + 0-001 1224-08 + 0-05 7 
2oe15) 57630): 0-001 1210 56es2 0-12 25-15 5-614 +0-001 1209-72 + 0-05 
26:10 1-991 + 0:0056 at 26:10 1-978 + 0-00 
YO) BOTA aE Woah  ililet oOr se (sil 27-05 3-699 + 0-001 1159-64 + 0-14 na 
8:05 1-929 + 0-0056 - 
29-05 1°756 + 0-000 1112-69 + 0-05 29-05 1-743 + 0-000 1112-46 + 0-03 28: oy ye 
28:00 4-879 +0-001 1139-13 + 0:11 28:00 4-880 + 0-001 1139-05 + 0-08 
29:00 1-928 + 0:0056 4 29-00 1-929 00: 
30-00 2:866 + 0:001 1091-61 + 0-09 30:00 2-868 + 0-001 1091-55 + 0-05 as 
31-00 1-929 + 0-0056 = a 31-00 1-923 + 0-00. 
32:00 0-854 +0:001 1046-76 + 0-05 32:00 0-854 + 0-000 1046-80 + 0-06 i 
29:00 3-899 + 0-001 1115-46 + 0-04 29:00 3-898 + 0-001 1115-46 + 0-10 
30:00 1-926 + 0:0022 - 30:00 1-926 + 0-004 
31:00 1-820 +0-000 1067-82 + 0-02 31:00 1-820 + 0-000 1067-85 + 0-05 a 
32:00 3-480 + 0:000 1046-06 + 0-03 32:00 3-480 + 0-000 1046-15 + 0-05 
32°95" 1-917 ==.0-0088 a 32:95 1-916 + 0-00 
33:90 1-460 + 0-000 1003-73 + 0-08 33:90 1:460 + 0-000 1003-85 + 0-08 7 a 
S42 00a 392551210000 LOOIR2 8 E002 34-00 5-392 + 0-00 -42+0- 
34:70 1-860 + 0:0040 2. Pee ee ae 34-70 1-870 + 0-004 
35-40 3-895 + 0-000 972-26 + 0-03 35:40 3-896 + 0-000 972-23 + 0-04 ; ay 
36-12 1:836°+ 0-0040 - in 36:12 1-836 + 0-00 
36°85 2-390 +0:000 944-55 + 0-03 36°85 2-390 + 0-000 944-51 + 0-02 = ! 
37-60 1-806 + 0:0040 r i: 37:60 1-801 + 0-00: 
38-35 0-881 + 0-000 918-27 + 0-08 38-35 0-880 + 0:001 918-27 + 0-08 a 1 
38s OMS a13 152 02000" 9222735210207 38-10 5-123 + 0-000 923-00 + 0-03 ! 
38-85 1-803 + 0-0040 - 38-85 1:803 + 0-004 
39-60 3-608 + 0-001 897-07 + 0-03 39-60 3-600 + 0-000 897-32 + 0:02 = 
40:32 1-796 + 0:0040 * + 40-30 1-792 + 0-00 
41-05 2-194 + 0:000 874-17 + 0:03 41:00 2-196 + 0-000 874-63 + 0:03 » 
41-80 1-777 + 0-0040 ry a 41-78 1-773 + 0-00 
42°55 0:673 + 0-000 850-66 + 0-03 42-55 0-673 + 0-000 851-13 + 0-04 > 
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Heating sequence 
Beckmann 


Table 1—continued 


| Tem- I Time of flow Mean (e’/k)/1000 
‘erature reading (s) temperature (not corrected for 
ec) (corrected) corrected CG) density variation) 
2-45 5-150 + 0-000 852-09 + 0-02 
43-18 1-755 + 0:0045 
13-90 3-653 = 0-001 830-00 + 0-04 
44-65 1-748 + 0:0045 
}t5:-40 2-165 + 0-001 808-87 + 0:04 
if 46:15 1-754 + 0:0045 
16-90 0-647 + 0-001 788-00 + 0-05 
116-95 5-136 + 0-001 788-12 + 0:03 
4 47-68 1-754 + 0:0038 
118-40 3-678 + 0-001 768-75 + 0:02 
ih) 49-12 1-702 + 0:0038 
119-85 2-196 + 0-001 750:28 + 0:03 
50:60 1-680 + 0-0038 
1-35 0-716 + 0-001 732-67 + 0:04 
11-35 5-267 + 0-001 TRS AY se Op Uy 
52°12 1-683 + 0-0041 
12°90 3-770 + 0-000 716-43 + 0:02 
| 53-62 1-667 + 0-0041 
4-35 2-284 + 0-001 699-98 + 0:04 
} 55-12 1-654 + 0:0041 
ieo0! O-773 + 0-001 683-92 + 0:02 
foe20 5-192 + 0-001 681-10 + 0:00 
{ 56°95 1-656 + 0:0052 
i770 3-691 + 0-001 665-74 + 0:02 
i} 58-45 1-635 + 0:0052 
)9-20 2-197 + 0-000 651-09 + 0:06 
I) 59-95 1-642 + 0:0052 
10-70 0-703 + 0-001 636-83 + 0-03 
E90 «5-323 + 0-001 635-o ma OR0S, 
} 61°65 1-594 + 0:0050 
2-40 3-785 + 0-001 621-99 + 0:03 
ih) 63:08 1-565 + 0:0050 
3°75 2-432 + 0-001 610:45 + 0:04 
64°58 1-592 + 0-0050 
5°40 0-910 + 0-001 597-61 + 0-02 
5-40 5-242 + 0-001 597-08 + 0-03 
\ 66°12 1-586 + 0:0068 
6°85 3-852 + 0-001 585-74 + 0:05 
67-58 1-593 + 0:0068 
8-30 2-406 + 0-001 574:23 + 0:02 
i) 69-30 1-596 + 0:0068 
(0:30 0-474 + 0-001 559-32 + 0-05 
] 10°20 4-755 + 0-001 560-08 + 0:04 
i Al: OOM MLS Sie. 0 0066 
w1-80 3-010 + 0-001 547-53 + 0:02 
ry 72-60 1-558 + 0:0066 
#3-40 1-500 + 0-000 SS Or Sos OOS 


Tem- 


42 
43 


45: 
46- 
46: 
48: 
49. 


51 
51 


a2: 
54- 
Spe 
56: 
ayi/ 
SHE 
60- 
60: 
62° 
63° 
65: 
65: 
66° 
68: 
70- 
70° 
iil: 
ese 


perature 
0 


-40 


Cooling sequence 


-90 
40 
95 
92 
40 
85 
+35 


won nN Oo NY WwW WN 


35 
90 
40 
90 


0 
5 
3 
2; 
0 
5 
3 
2 
0 
Be 
3 
2 
0 
5) 
3 
2) 
0 
4 
2 


40 1 


mperature (°C) 6:22 é35 117) 10-20 11-14 12-19 13-01 
| DAI) Deo DoAWS WA DAE POG) 
4,000 +0:0020 +0:0055 +0-0005 +0-0025 +0-0005 +0-0020 
mperature (°c) 18°12 18-95 20-10 20-95 21-86 23-74 
2-0870 2:0895 2-0790 2-0700 1:9855  1-9755 
1000 +0-0040 +0-0015 +0-0010 +0-0010 +0-0005 +0-0005 
nperature (°c) 31-00 32-95 34-70 36-12 37-60 38-85 
1:9260 1:9165 1-8650 1-8360 1-8035 1-8030 
000 +0:0030 +0-0005 +0:0050 +0-0000 +0-0025 +0-0000 
\nperature (°c) 46°16 47-66 49-12 50-60 52-12 53-64 
1:7510 11-7590 1-7055  1-6800 1:6865  1-6675 
+1000 +0-0030 +0-0050 +0-0035 +0-0000 +0-0035 +0-0005 
mperature (°C) 61-62 63-09 64:59 66°15 67°59 69-30 
1:5945 1-5710 1:5960 1-5985 1:5905  1:5830 
1000 +0-0005 +0-0060 +0-0040 +0-0125 +0-0025 +0-0130 
i mperature (° Cc) 0 10 20 30 40 
frrection = T2 B/1000 —0:004,  0:007) 0-017 0-027, 0:0377 
‘correction) for 10° c 0-011, 0:0106 0-010; 0-010) 0- 
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14-40 15-05 16 
2:2070 2-1920 2: 
+0-0020 +0-0010 +0- 
26-10 28-05 29 
1:9845 1:9265 1 
+0-0065 +0-0025 +0 
40-31 41-79 43 
1:7940 11-7750 1 
+0-0020 +0-0020 +0 
55-14 56-95 58 
1:6575 1:6580 1 
+0-0035 +0-0020 +0 
71-00 72-60 
1-5420 1-5580 
+0-0050 +0-0000 
50 60 
0-047; 0058 
010)  0:0103;  0-010> 


Table 2. Measured activation energy for thrice-distilled water in the range 6-12° C 


30 
1575 
0005 


00 
*9285 
-0005 


‘16 
-7565 
“0015 


“45 
6435 
“0085 


70 
0: 0685 


16: 
Os 


46. 
30- 
1 
+0: 
44. 
1 
+(Q- 


59) 
1 


+0Q- 


Beckmann Time of flow Mean (e’/k)/1000 
reading (s) temperature (not corrected for 

(corrected) corrected ie | density variation) 
-150 + 0-000 852-14 + 0-06 

43-15 1-758 + 0:0038 
652 + 0-000 830-00 + 0:03 

44-65 1-742 + 0-0038 
155 + 0-001 808-81 + 0:02 

46-18 1-748 + 0-0038 
646 + 0-001 788-12 + 0-02 
148 + 0-001 788:26 + 0-04 

47-65 1-764 + 0:0040 
680 + 0-001 768:°65 + 0-04 

49-12 1-709 + 0-0040 
-196 + 0:000 750-08 + 0-102 

50:60 1-680 + 0-0040 
717 + 0-001 732-48 + 0-03 
‘268 + 0-001 733-53 + 0-04 

52-12 1-690 + 0-0045 
-768 + 0-001 716-15 + 0-04 

53-65 1-668 + 0-0045 
-282 + 0:001 699-69 + 0-02 

55:15 1-661 + 0:0045 
dies O O01 683-63 + 0-02 
-190 + 0-001 681-15 + 0-04 

56:95 1-660 + 0:-0046 
-686 + 0-001 665-70 + 0-02 

58-45 1-652 + 0:0046 
-184 + 0-001 650:82 + 0-03 

59:95 1-645 + 0:0046 
-702 + 0-001 636°66 + 0:04 
418 + 0-001 636-90 + 0:07 

61-60 1-595 + 0:0056 
-848 + 0-001 622-84 + 0-02 

63-10 1:577 + 0:0056 
-366 + 0-001 610-10 + 0:03 

64-60 1-600 + 0:0056 
-874 + 0-001 597-46 + 0-03 
-240 + 0-001 596-78 + 0:04 

66°18 1-611 + 0-0043 
*842 + 0-002 585-21 + 0-02 

67:60 1-588 + 0-0043 
-408 + 0-001 573-84 + 0-02 

69-30 1-570 + 0:0043 
-478 + 0-001 559-20 + 0:03 
Oma OOI 560:41 + 0:04 

71:00 1-547 + 0:0066 
+997 2: 0-001 547-60 + 0:04 

72:60 1-558 + 0:0066 
-465 + 0-001 SSS? sexo s! 


Note: two values of the standard deviation of (e«/k)/1000 have been calculated for each group of readings taken with any one setting 
of the Beckmann thermometer (covering a temperature range of 4 to 5° c), one for heating and the other for the cooling sequence. 


Standard 
deviation 
or the grou 
a> fe group 
1430 0:0023 
0010 
00 
-926 0-0026 
00000 
65 
-7450 0-0024 
0030 
95 
6435 0-0039 
0015 
0-0071 
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Table 3: 
Ordinal no. of flat 1 2(a) 2(b) 3 
“11000 2-350 2-248 2-205 2-084 
Temperature at middle 6+1 11:2 14°3 19-4 


of flat (° c) 


above-mentioned values of the energy change Ac at each step, 
it is nevertheless worth investigating how far the energies of 
the molecular rotational and vibrational modes would be 
reflected in the activation free energy «. It is expected that 
the more refined experiments now 1n hand on ethylene glycol, 
ethyl alcohol and other similar liquids will help to elucidate 
these aspects of the problem. 

The plotted points for steps Nos. 2 and 5 in the inset to 
Fig. 5 show major deviations from the straight line, each 
amounting to 2 deg c, and because these deviations are nearly 
five times the estimated accuracy of the temperatures given 
in Table 3, it appears probable that in this region there are 
two series of steps superposed on each other. Thus the one 
series of steps would occur at equal intervals of nearly 7 deg c, 
and the other with a shorter repetition interval of about 
5-5 deg c, so that the two sets overlap exactly at about 0, 
20 and 40° c, and are partially resolved at intermediate tem- 
peratures. This would also serve to explain the different 
values of the temperature interval in Figs 6(a) and (d). It 


oc 

° 

fo) S 0.04 

© 5 

= = 

x =x 

& S 

q a OQ 2 4 © 10 
yea) (6) 


A (TEMPERATURE ) ——> 


Fig. 6. Averaged shape of a step, (a) in the range 6 to 35° c, 
and (4) in the range 35 to 70° c. 


would therefore be expected that, with a smaller measuring 
interval, AT = 1 deg c, one of the steps in the neighbourhood 
of 30° c would also be resolved into two steps separated by 
2 to 3degc. These detailed experiments are in hand and 
will be reported separately. 


6. Comparison with previous standard viscosity data 


At this stage, it is possible to compare the foregoing 
results with the values of «/k calculated from the standard 
viscosity data on water given in BS 188: 1937 (based on 
the data collected by Bingham and Jackson 1918-19), which 
data are believed to be accurate to | part in 5000 on a relative 
scale. These calculated values of (€/k)/1000 are plotted in 
the upper half of Fig. 5 (open circles), and the graph exhibits 
several well-defined segments, the limits of which are indicated 
by the lower set of vertical arrows, but does not show any 
of the sharp drops to be found in the experimental graphs 
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Data on the steps observed with thrice-distilled water between 6 and 72° c 


4 =) 6 i 8 y 1 
1-983 1-926 1-804 1:°748 1-675 1°643 {f- 
24:2 30°3 39-0 45-6 52°6 58-3 65- Gill 


drawn in the lower part of Fig. 5. This lack of detaij 

largely attributable to the fact that Bingham and Jacksq}| 
values of viscosity are all smoothed over a range of the 0 
of 5 to 10 deg c, which would naturally obscure all detai) 
temperature intervals smaller than this figure. Therefo 
proper comparison with Bingham and Jackson’s data 4 
only be made if the measuring interval AT, which is 2 de 
in the present experiments, is increased by a factor of 3 of 


! 
| 
Such an increase to 6 deg c is readily effected by ta :! 


the average of three readings differing successively by 2 deg 
and the corresponding smoothed graph is plotted as s¢ 
circles at the top of Fig. 5, with a displacement of 0-1 
above the graph based on Bingham and Jackson’s data. 
agreement between these two curves is quite satisfactory, 4 
may be taken as proof that Bingham and Jackson’s values 
viscosity are consistent with the more accurate measureme} 


| 


given in Tables | and 2. Also, the increased detail alrea 
obtained with the measuring interval of AT = 2 deg c se 
to emphasize the need for refined measurements with an e¥ 
smaller interval of 1 deg c. It is hoped to publish a table 
accurate values for the viscosity of water (relative to that 
20 deg c) when these measurements are completed. Simi 
refined measurements are also being made on ethylene gl { 
and glycerol in order to obtain an explanation for the mi 
gradual drop between the energy steps in these two liquid | 
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Abstract 


\lescription is given of equipment using transistors and 
igned for the indication and measurement of the 
\'tion of the shaft within the bush of a journal bearing 
jem. Shaft movements cause variations in the 
edance of inductive transducers, unbalancing the a.c. 
i'ge of which they are part. The bridge output, in the 
(7 of an amplitude-modulated carrier, is supplied to an 
amplifier and then demodulated to recover a voltage 
Wortional to shaft displacement. By monitoring the 
ring on two diameters at right angles and supplying 
demodulator outputs to the X- and Y-plates of a 
tiode-ray oscilloscope, a polar plot of shaft movement 
Dossible and the form of vibration can be observed 
actly. 

YIthough designed for use on a bearing of about 1 in. 
mneter, the equipment is easily adjustable for other 
‘ing sizes and can give useful information with shaft 
‘eds up to 20000 rev/min. 

vircuit details are given and discussed and an assess- 
#t is made of the accuracies of the various units. 


Sn 


Introduction 


most problems of hydrodynamic lubrication it is, in 
theory, possible to predict the behaviour of any par- 
ticular system. The prediction involves a knowledge of 
de six variables and their interaction, and solutions usually 
ie use of a number of assumptions and approximations. 
earings, the parameter of vital importance is the distance 
i.rating the moving and stationary surfaces; to help to 
Hielate theoretical and empirical design it is necessary to 
/ sure this distance. 

fi the case of a plain journal bearing, i.e. a smooth 
jidrical shaft rotating in a smooth hollow cylinder, this 
ailves the measurement of the position of the shaft under 
yous conditions of speed, load and lubricant supply. In 
‘ain circumstances the shaft can vibrate in the bush, so 
joroblem is not merely one of measuring a static deflection, 
‘includes dynamic deflections and, possibly, their phase 
‘ionship with a point (e.g. an unbalanced load) on the 
Sting shaft. The magnitude of the deflection varies with 
ésize of the bearing, but it is usual practice to make the 
}: of the bush 1/1000 to 3/1000 in. per in. larger than the 
it diameter, e.g. a nominal 1 in. diameter bearing would 
"2 a ‘clearance’ between 0:001 and 0-003 in. 

jarious workers have tackled the problem in the past. 
‘xct contact methods (Clayton and Jakeman 1936) have 
1 used with very low shaft speeds, but results are question- 
| where hydrodynamic films can be formed under the 
ing elements. Optical systems (Newkirk and Grobel 
\}) require high-resolution lenses and present a number of 
jculties in phase indication. Air-gauging (Barwell, F. T., 


ct 


<= 
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with journal bearings 


J. J. HUNTER, Fluids Division, and C. J. HUGHES, Lubrication and Wear Division, National Engineering 


and Hughes, C. J. 1953, Lubrication Division Report L.D.R. 
22/53, National Engineering Laboratory, unpublished) is 
simple but has a poor frequency response. 

Use can be made of the electrical impedance variations 
produced in a suitable transducer by journal/bush displace- 
ments, and many methods apply this in one form or another. 
It has even been found worth while to use the resistance 
changes (Siripongse, Rogers and Cameron 1958, El-Sisi and 
Shawki 1958) which occur in the hydrodynamic oil film, 
but for consistent results high currents, which may damage 
surfaces, are necessary and calibration is difficult. Generally, 
systems in which shaft/bush displacements change capacitive 
(Dayton and Simons 1951) or inductive (Greenhough 1948) 
couplings have been the most popular. Capacitive systems 
present problems of dielectric variation when they include 
either the lubricating film or air outside the bearing, in the 
first instance because of pressure effects and cavitation of 
the oil film, and in the second because of contamination of 
the air gap with escaping lubricant. Inductance methods are 
adversely affected by varying magnetic conditions in the 
shaft or external magnetic fields. 

However, because of experience of the stability of induc- 
tance systems it was decided, after investigation of the 
magnetic homogeneity of typical shaft materials, to adopt 
this type of transducer and to continue with the development, 
for this purpose, of a high-speed measuring system which 
had already proved successful in indicating displacements in 
oil hydraulic machinery (Hunter, J. J., and Leslie, W. H. P., 
Transistorized General Purpose Equipment for Mechanical 
Measurements from zero frequency to 1kc/s, National 
Engineering Laboratory Fluids Report, in preparation). 


Requirements 


Part of the N.E.L. programme of research on hydro- 
dynamic bearings involves the investigation of bearing 
behaviour under conditions of dynamic load. For this work, 
a small machine has been made with test bearings about 
lin. in diameter and shaft speeds variable between 4000 
and 20000 rev/min. Using typical clearance ratios, diametral 
clearances may be up to 0-003 in., and thus any measuring 
system must be capable of measuring displacements appre- 
ciably less than this. Both shaft and bush can be measured 
separately to an accuracy of the order of 0:00001 in. and 
it is desirable that dynamic displacement measurements 
should have a similar accuracy, although a greater error 
might be acceptable. At a speed of 20000 rev/min the 
equipment should be capable of resolving movements ocurring 
within a fraction of a millisecond, if an adequate amount of 
information is to be obtained within one revolution. 

To these essential requirements may be added others 
designed to facilitate the use of equipment and the rapid 
interpretation of results. Attachment to the test bearing 
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should not be a complicated process and calibration should 
be simple. Results should be presented in a manner easy 
to comprehend; ideally, the measuring equipment should 
amplify actual shaft movements so that the display repro- 
duces shaft behaviour. Unfortunately thermal distortions 
in the bearing may confuse simple measurements and con- 
flicting requirements occur. For example, to demonstrate 
the general behaviour of the bearing, a simple picture of 
shaft eccentricity, ignoring distortions as much as possible, 
is desirable, but for more detailed studies of the hydro- 
dynamics, actual film thickness could be useful. The 
apparatus should therefore be capable of both functions. 


Design 


To obtain a complete picture of the position of the shaft 
within the bush, it is necessary to measure in a minimum of 
two planes spaced along the axis of the bearing; this assumes 
that there is no geometric distortion of the bearing com- 
ponents. Each plane requires measuring stations on at least 
two co-ordinates, and thus four measuring stations are 
required for the description of the shaft position at any 
instant. This implies four independent channels of informa- 
tion which can be correlated for display purposes. The 
channels can be similar. If the measuring planes of the 
bearing are at right angles to the axis of the system aid the 
co-ordinates are at right angles to each other, the measuring 
stations are disposed in a similar fashion to the plates of a 
cathode-ray tube. This leads to a convenient form of dis- 
placement display that has, in fact, been utilized by previous 
workers. The output signals from each measuring station 
are supplied to the appropriate X- and Y-plates of a cathode- 
ray tube, causing the spot to deflect, its motion reproducing 
the motion of the axis of the shaft in the particular measuring 
plane. 

The arrangement adopted in the present work is shown in 
the block diagram (Fig. 1), the inductive transducers being 


_ shaft 
displacement 
input 


0 ke/s 


carrier90° comparator 

out-of-phase input detector brightening 

for Y-plane pulse 
bridge 

Fig. 1. Block layout of system used for the shaft position 


indicator. 


arranged in an a.c. bridge. The output from the bridge, 
which is a carrier-frequency signal, amplitude-modulated by 
the transducers, is then amplified and finally demodulated to 
recover a signal directly proportional to displacement. To 
enable the shaft movement to modulate the carrier, the shaft 
is used as part of the magnetic circuit of the inductive trans- 
ducer, as shown in Fig. 2. For this type of circuit the 
relationship between transducer inductance and air gap is of 
the form 


L=A+{B(C +a) 


where L is the inductance, A the stray shunt inductance, 
B a function of the windings in the transducer, C a constant 
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| 
i) 
| 


proportional to the iron path and d is the air gap. _As {i 
of the iron path is in the shaft, which may be rotating, ‘| | 
have been made which show that the material used is ny 


knurled adjusting nut 


Araldite D 
filling 


steel shaft 


IRAN 
NG SANN| 


2:2: CO tad b 06 6 whats 
RRR NY 


ee 
LR ssa Na Le gs 


Ferroxcube U-core 


support flanges 


Fig. 2. 
Core: made by 
FX 1052/A4). 
Winding: 900 turns of 46 s.w.g. enamelled copper wire. | 
Inductance: approximately 20 mH, d.c. response approximate 


Inductive displacement transducer. 
splitting Ferroxcube E core (Mullaiig 


netically homogeneous and causes no significant varial 
in the constant C. It can be seen from this relationship | 
the total air gap must be large compared with the expey 
change in air gap if a nearly linear displacement/out 
relationship is desired. In general, the relationship | 
sufficiently linear if the change in air gap was 10% or} 
of the total air gap (Fig. 3). An improvement in lined} 
is to be expected if the transducers are used in a ‘push— | 
arrangement, since the change in inductance is the differ | 
of the changes in two similar transducers and non-linear} 
will tend to cancel. The change in inductance with air i 

| 

| 


determines the system gain which must be used, follo 
the transducer, to provide a reasonable output signal 
display and recording. The total inductance, and therelf 


transducer winding, is decided by the loading that ca i} 
put on the bridge voltage supply. 

Details of windings, inductance and core are giverifi 
Fig. 2. Mechanically, the transducers have been designe} 
facilitate interchange, each transducer being mounted i 
brass case and provided with a polarized socket connect 
(Fig. 4). A fine screw thread on the outside allows for | 
mounting and adjustment of the initial air gap. For gemf#i 
display of a locus of the shaft centre, a pair of transd | 
is arranged in a half-bridge circuit for each diameter. | 
advantage of this arrangement is that if the transducers} 
adjusted to be equal in inductance with the shaft centrelf 
symmetrical change in air gap or change in the bridge suf 
voltage does not change the zero or balance point of 
bridge, since equal changes in the transducers cancel 
The only error at points other than zero is due to the cha 
in sensitivity with change in total gap due, say, to the 
expansion. For an initial total gap of 0:015in. an 
range of 0:0015 in., a change in initial total gap to 0:0134)) 
gives an output 18% higher for the same range of 0-001 
(Fig. 5), instead of the 100° error that would have res 
if a single transducer had been used. The unbalance of#! 
bridge, produced by shaft displacement, can be measurea}} 
using a reference, or comparator, transducer pair or 
secondary of the bridge supply transformer as a ratio a 


ei) 
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Fig. 3. Transducer characteristic. 


Initial gap: 0-015 in. 


| 


fo the circuit shown in Fig. 6, with the switch S, in its 
\ire position, the transformer centre tap is earthed. The 
4isducers can now be arranged to be precisely equal in 
jactance and thus, if they are similar, to have equal air 
s. In position 2, the switch ‘earths’ the bridge on to a 
jential divider across two 10% tappings on either side of 


7 centre tap of the transformer secondary. This allows 


Fig. 4. Inductive transducer. 


t 
jratio arm to be adjusted to compensate for any expected 
‘ations of the measuring transducer. There are sub- 
tial advantages in stability to be gained by using mutually 
soled inductive ratio arms in this fashion (Clark and 
jiderlin 1949), as the bridge is relatively insensitive to 
jy earth impedances. In the third switch position the 
ge is ‘earthed’ at the centre point of a similar push—pull 
4sducer which is on a ‘comparator’ stand. In this 
fnparator’ (Fig. 7), a dummy shaft is used and X- and 
(lane transducers are disposed as in the test rig. The 
/t, which is in the form of a lever, is deflected by a pair 
inicrometers acting along the same X- and Y-diameters 
‘he transducers; the arrangement allows the small dis- 
ements necessary at the transducers to be made with 
e precision, as the micrometer movement is made greater 
the lever ratio. With similar transducers in the test rig 
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Bridge supply: 6 v r.m.s. 
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Fig. 5. Demodulator output voltage versus shaft displacement. 


Transducer initial gap settings: 


[1] = 0-025 in. © = 0:0135in 
x = 0:0225 in. A =0-010in 
O = 0-015 in. @ = 0:005in 


a.c. amplifier gain = 100. 
Bridge supply voltage = 6 V r.m.s. 
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and comparator, any micrometer adjustment at the com- 
parator necessary to balance movements of the test shaft 
can be taken as a measurement of that movement multiplied 
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Fig. 6. Transducer bridge circuit. 


T= core, Ferrox cube 2 x FX 1105/A4 
primary, 200 turns, 38 G copper 
secondary, 200 turns, 38 G copper. 


Tapped at centre and ten and fifty turns 
either side of centre. 


‘by the lever ratio. If the transducers are not sufficiently 
similar, a calibration curve can be made, or the lever ratio 
can be altered. The magnitude of both static and recurrent 
dynamic displacements can be estimated in this matter. 

If measurements of bush distortion, involving a change 
in total clearance on a diameter, are required, a simple 
re-arrangement allows a single test transducer to be balanced 
against a single transducer on the comparator, using the 
supply secondary as the ratio arm. For example, if one 


transducer carrier 


movable to vary 
lever ratio oe 
L 
transducers 


dummy shaft 7 


micrometer head 


Fig. 7. Diagram of comparator. The system is similar in a 
plane at right angles to the paper along the axis of the shaft. 
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transducer at the end of a diameter on the test shaféj) 
balanced by one X-transducer on the comparator, and |j 
transducer at the opposite end of the test shaft diametey 
balanced by one Y-transducer on the comparator, the sj 
of the deflections indicated by the X- and Y-comparat|} 
micrometers is an indication of total bearing clearance. 
the displacements are varying, each can be displayed on 
separate beams of a twin-beam cathode-ray oscilloscope aj} 
summed at any instant. 

As indicated in Fig. 1, the bridge of each channel is supphh 
with a stable voltage at 10kc/s and the bridge outpl| 
modulated by shaft movement, is amplified in an a.c. ampli tl 


i 


This amplified signal is then demodulated, giving a volta 
directly proportional to shaft movement, which is suppl 
to an oscilloscope. For each plane an oscilloscope with tj 
similar d.c. amplifiers, for driving the X- and Y-platess i 
required. These d.c. amplifiers need not be of very tH) 
gain or stability, as the demodulated output signal can} 
up to +5v and provision is made for a stable referet 

mark, indicating bridge balance, to be superimposed on | 

trace. To produce the reference mark, the demodula 
output signal is also connected to a circuit, which produ} 
an output when the demodulator output voltage lies witi 
a band of 20mv about the zero reference level. 
‘marker’ output, indicating bridge balance, can be appli 
to an oscilloscope beam-brightening circuit, so that 
oscilloscope spot, tracing out a path (Fig. 8) directly relas 


Fig. 8. Typical locus trace. 


to the movement of the shaft centre, is brightened whene#j 
it crosses the predetermined X- and Y-axes. The trace 
be moved about in relation to these axes, and measured 
adjusting the comparator micrometers. For perma 
records the trace can be photographed or, if detailed anal 
is required, the output from each channel can be recor 
separately using a multi-channel recorder. 

If correlation between the locus trace and shaft rotat 
is desired, the output from a suitable transducer, work# 
against a reference mark on the shaft, can be used to mark | 
trace, the mark taking the form of a bright spot (of diffen 
intensity to the ‘marker’ spot) or a line at right angles to 
trace. Additionally, the bridge balance mark can be ut 
to drive a stroboscope and, if there is a simple relations 
between locus and shaft rotations, a reference mark on 
shaft can be viewed directly. 

The system can be calibrated statically, if all transduc 
have similar characteristics, by balancing the test transduaf! 
against those on the comparator, the balance being indicat 
conveniently by the beam brightness. If the transducers 


not similar, a comparative calibration is necessary, and 
be made by moving the test shaft in known increments 
noting the deflections of the comparator shaft needed 
produce bridge balance. 
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Bridge drive circuit (temporary) 


Fig. 9. Circuit diagram of oscillator supply system. 


Circuit details and characteristics 


Vscillator and bridge supply (Fig. 9). A commercial 10 kc/s 
istal oscillator of high-frequency stability is used to supply 
‘table sine wave output voltage derived from a square 
ive voltage, via a filter tuned to the fundamental. The 
jplitude of the square wave depends directly on the 
illator supply voltage, which is stabilized by voltage 
ference diodes (D, and D,). The sine wave is supplied to 
hase-splitting network and the outputs from this network 
'then amplified, giving two bridge supply voltages which 
90° out-of-phase with respect to each other. To avoid 
)tual interference, the X- and Y-transducer bridges, in one 
ne, are supplied from separate quadrature voltages as the 
ise-sensitive demodulator ignores signals produced by 
tages 90° out-of-phase. 

4.C. amplifier (Fig. 10). This is basically a three-stage 


a ©-30V 


C 16 I7 


see o+ 


Fig. 10. Circuit diagram of a.c. amplifier. 


idback amplifier with a gain of 100 and buffer stages at 
jut and output. The overall gain can be varied con- 
uously by a potential divider following the input buffer 
ige. Owing to the use of a large amount of overall feed- 
ok, the amplifier has a highly stable gain and low distortion. 
© gain/frequency characteristic (Fig. 11) has been shaped 
/be suitable over the frequency band centred around 10 kc/s. 
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The gain has fallen sharply by 50 c/s, thus minimizing the 
possibility of mains interference. 

In addition to the use of feedback to minimize noise, the 
first stage transistor of the amplifier is run at low operating 
current and voltage, thus keeping the input transistor noise 
low. Measurements of equivalent noise input voltages 
showed that the noise level of the basic amplifier is equivalent 
to an input signal not greater than 15 xv. The distortion at 
maximum output, measured in terms of the second harmonic, 


a er 


— Phase+ 
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= Cee 
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01 10 100 
Frequency (kc/s) 


Fig. 11. Amplifier characteristic. 


is only 0-:17°% of the fundamental, the third harmonic content 
being immeasurable. At a 1 Vv r.m.s. output the distortion 
is less than the noise. The equivalent noise input for the 
whole amplifier unit is 120 wv. Distortion of a | kc/s signal 
at 20 v peak-to-peak output produces a second harmonic of 
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0-4% of the fundamental, and a third harmonic of 0-25 Woe 
Higher harmonics were below the noise level. At the normal 
maximum working output of 10 v peak-to-peak, the second 
harmonic is 0:03°% and the third harmonic 0:018% of the 
fundamental. 

Demodulator (Fig. 12). This is a transistor, phase- 
sensitive demodulator (Hunter, J. J., A transistor demodulator, 
to be published) which samples the a.c. input signal once per 


the base voltage of which can be adjusted by a vari 
potential divider. 
Application and use of the equipment 


In the design of the equipment emphasis was laid 
easy application and calibration, but there are two ‘y 
points where care must be exercised. They are: 


~o -30V(a) 


——° - 30 Via) 


Reference 
input 


Fig. 12. 


T, = six windings of 100 turns, filar 
wound 38s.w.g. Inductance 
32 mH. Core: 2 Ferroxcube 
FX1105/A4. 


Primary, 


cycle and then holds the sample voltage for the rest of the 
cycle, until the next sampling point. Originally, the demodu- 
lator was designed for full-wave operation, as the boxed 
transistors in Fig. 12 indicate. However, difficulties in 
matching transistors led to an unacceptable amount of ripple 
and the use of the full-wave circuit has been deferred until 
more suitable transistors are available. The demodulator 
has a low d.c. drift; tests have shown drifts of less than 1 mv/h 
and less than 5 mv over a period of 24h, at an ambient 
temperature around 19°c. The output impedance of the 
stage is about 2:5kQ, making it suitable for supplying 
following transistor stages. The maximum open circuit 
output voltage range is +5 v. 

Balance marker (Fig. 12). The balance-marker circuit 
(Hunter, J. J., A balance-marker circuit, to be published) 
is basically a high-gain amplifier, with a narrow working 
band about 20 my wide, and with the feedback arranged to 
make it oscillate whilst the input lies within this band. 
The working band can be centred on the reference voltage, 
and temperature tests have shown the zero point to have 
a drift of only 10 mv over a temperature range of 20° c 
This working band and stability represent a resolving 
accuracy of 0:3% of the demodulator full-scale output 
of +5v. The oscillation frequency of the balance marker 
is about 50 kc/s and its amplitude is about 100 mv peak- 
to-peak; it is amplified before the output. The amplifier 
also drives a neon indicating lamp, which permits initial 
alignment of the system or static measurements without an 
oscilloscope. A neon lamp has been used as an indicator 
since the original proposal was to use it as a simple 
stroboscope. A modification is being considered as the neon 
lamp has shown hysteresis effects. 

Power supply. A 36Vv bank of accumulators provides a 
supply free from mains interference and from fluctuations 
over a period of hours. (Tests show a drift of less than 
0-1 v over 1 h and a drop of less than 0:2 v over 8h.) The 
initial output voltages are controlled by a power transistor, 
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Circuit diagram of demodulator and marker. 


T2 = Wound as 
two windings. 
half secondary, two windings. 


T; = Primary: 400 turns, 46s.w.g. 
OmxH. Secondary: 400 turns, 
46s.w.g. 60H. Core: 2 Ferrox- 

cube FX1052/A4. 


giz Connected: 
Each 


(a) the adjustment of the transducers so that the bridg 
balanced for some known position of the shaft within 
bush; 

(b) the setting of the demodulator and marker circuit: 
zero position. 

The first is necessary because the initial bridge balay 
position is the reference point from which all readings 
taken. To make full use of the circuit design the transdu 
should be adjusted with the test shaft concentric with 
bush, but, because of the practical difficulty of fixing 
test shaft in this concentric position, it is easier to set 
transducers by using a shaft which fits the bush exa¢ 
The position of the transducers is fixed by setting one 
a feeler gauge, and then adjusting the others until balali 
is obtained with the feeler removed. The final adjust 
of bridge balance, for in-phase and quadrature compone} 
can best be carried out by monitoring the bridge ona cathe 
ray oscilloscope, and for this purpose test points are provid 
on the bridge panel. | 

The second point, the setting of demodulator and mar} 
references, is accomplished by the operation of swill 
S;, S,, and the variable resistors P, and P3 in Fig. 
which are accessible from the front panel. In the fi 
position of the switch, the marker circuit input is sho it 
to the reference voltage. The marker is adjusted by 
into the centre of its working band, as indicated by the beHl) 
brighteners of the cathode-ray tube or by the lighting j| 
the indicator lamp. This circuit, now set at zero, can) 
used to align the demodulator. The switch, turnedi| 
position 2, connects the marker to the demodulacant but she 
the demodulator input, allowing the demodulator output 
be set to zero by potentiometer P;. In position 3, the no 
operating position, the demodulator input is connected to 77 
a.c. amplifier and the marker circuit indicates when the sig## 
component in phase with the reference is zero. Once 11 
initial balance of the quadrature component, as indicated 
the cathode-ray oscilloscope, has been obtained, readj 
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t is usually unnecessary and the marker circuit can be 
. to indicate bridge balance. The disadvantage of having 
appreciable amount of quadrature component is that the 
| signal the amplifier can handle is limited. Any increase 
1e quadrature component decreases the maximum output 
‘lable from the demodulator, as only the in-phase com- 
mt of the signal provides an output. 


Performance 


scuracy. Although no exhaustive long-term tests have 
|. made to ascertain the limits of accuracy, the main 
jes of possible error have been examined and operating 
\rience to date has shown no significant variations. 
jzcuracy must be evaluated taking into account the 
suring technique employed. 

\2current phenomena. When measuring recurrent pheno- 
ja the equipment can be used as a comparator, that is, to 
pare the test displacement with a displacement produced 
i. reference micrometer. The main factors which can 
je errors are: 


)) the cross-coupling of the X- and Y-planes at the 
} transducers; 

i) the stability of the test and reference transducers; 
|) the stability of the demodulator zero; and 

#}) the stability of the zero and the resolution of the balance 
/ marker. 


“ne cross-coupling factor (a) has two components. One 
fie change in gap caused by a curved surface moving 
iss the transducer pole-faces, i.e. movement of the shaft 
| direction perpendicular to that being measured. The 
“ir is magnetic cross-coupling. Tests have shown that the 
bined effect of these produces error outputs of the order 
fiiv maximum for shaft movements within the working 
fe, which represents a possible error of 0:5 % of full-scale 
jut. Item (5) can also be considered in two parts; the 
fhanical stability of the transducers and their electrical 
Ality. The mechanical stability, in practice, includes the 
\lity of the shaft and bush and is primarily affected by 
erature changes. A typical temperature change of 30° c 
§ cause a transducer movement of 0-0001 in. giving rise 
Ha error of 2°% at most. A systematic error of this type 
ileasily be allowed for, as the total gap can be measured 
Jne operating temperature. Electrical stability can be 
i ted by change, due to heating, in the permeability of the 
toxcube core or shaft, and change in resistance of the 
4sducer winding. Permeability is only a second-order 
tr of the transducer inductance characteristic, because 
‘eluctance of the air gaps exceeds that of the core and 
i: and, to a first approximation, change in resistance only 
fits the magnitude of the quadrature component which is 
‘red in the demodulator. In any case, these can only 
quce errors if the two transducers of a pair are affected 
4 dissimilar manner, and it is unlikely that large tempera- 
4 gradients will exist across the system. Drift in the 
4odulator zero (c) is small and only likely to cause errors 
ve order of 0:05%. The ‘marker’ circuit has a resolution 
Jstability of 0-3°% of the full-scale output of +5 v. The 
is in items (c) and (d) would, of course, be proportion- 
) greater for smaller output voltages. 

j n-recurrent phenomena. For non-recurrent phenomena 
\scale factor or magnification of the equipment is also 
ortant. This depends mainly on the stabilities of: 
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(a) the bridge supply voltage; 

(b) the transducer sensitivity (as dealt with in item (d) 
under recurrent-phenomena); 

(c) the amplifier gain; and 

(d) the demodulator gain. 


Tests have shown that the voltage supplied to the bridge (a) 
only varies 50 mv over a period of 12 h, producing a possible 
error of 0:5% of full scale. A combination of bridge supply 
voltage variation and a change in amplifier gain gave drifts 
in the amplifier output not greater than +25 mv, which was 
the accuracy of the recorder used for the tests. This stability 
was maintained over two days during which period the 
temperature varied about 4°c. It represents a variation 
band of 0:5% of full scale. 

Speed of response Theoretically, the 10 kc/s carrier and 
the quick response demodulator are capable of providing 
ten discrete points of information in a millisecond. This is 
adequate for a system in which no significant change can 
occur in less than a tenth of a millisecond, and can indicate 
even higher rates of change if the information can be built 
up over a number of repetitive cycles. The amplifier has a 
gain/frequency response suitable for a bandwidth of a few 
kilocycles. As an exact correlation between time and fre- 
quency response is not simple, it is the intention to carry 
out an overall calibration of the equipment. A step or 
ramp function can be fed to the transducers by rotating a 
specially machined shaft at various speeds, and the phase 
response of the system can be measured by using the balance 
marker output to drive a stroboscope and illuminate a scale 
attached to the shaft. 


Conclusions 


The equipment is at present being used successfully to 
measure shaft behaviour in a bearing subjected to a com- 
bination of steady and rotating load. Its application hes 
proved simple and easily accomplished by personnel without 
specialist electronic knowledge, even to the extent of their 
being able to recognize and detect the source of spurious 
signals. The unit chassis construction has aided development 
work and will aid maintenance, although up to the present 
this has been negligible. It will, of course, be realized that 
the technique is applicable to the measurement of any small 
displacement, and individual channels can be used inde- 
pendently if a separate oscillator carrier source is available. 

During the bearing investigation work a number of refine- 
ments have been suggested. At present, the information 
from successive cycles of the shaft rotation under ‘whirling’ 
conditions tends to be superimposed during the display. 
Using a phonic wheel to indicate shaft angular positions, 
and normal batch counting techniques for selection, it would 
be possible to display any required portion of the vibration 
trace. For continuous portrayal of successive revolutions, a 
form of three-dimensional ‘helical’ display could be arranged 
by adding extra voltages from a time base to the inputs of 
both the oscilloscope amplifiers. The measurement of shaft 
position at both ends of a bearing enables the direction of 
shaft axis to be calculated at any instant. However, if the 
output of the transducer pairs in any axial plane were com- 
pared continuously, it would be possible to display the axial 
tilt. In such a display, conical whirl would be easily 
recognizable, whereas the individual monitoring at the bear- 
ing ends requires a phase-relationship indicator to provide 
this information. 
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CORRESPONDENCE 


Dynamic measurement of elasticity using resonance methods 


Mr. G. Bradfield (1960) draws attention to the use of a 
variety of magnetostrictive transducers for measuring the 
elastic properties of various materials, including coal. These 
methods, while presumably suitable for a detailed study of 
single specimens, would not appear to be practicable where 
large numbers must be examined; for example, the wrapping 
of a thin wire round the edges of small specimens, as in 
Figs C and H, would seem to be a very tedious operation. 

The flaws and inhomogeneities that exist in coal and other 
natural materials make it essential to use large numbers of 
specimens in order to obtain representative values of the 
elastic moduli, and the scatter of individual values renders 
superfluous the highest possible accuracy of measurement. 
What is required is a method that 1s capable of rapid applica- 
tion and for which the apparatus is simple and inexpensive. 
Such a method is that of the composite oscillator where the 
transducer is a nickel rod (Terry and Woods 1954, 1955). 
This was very successfully used by the late Dr. N. B. Terry 
at the Mining Research Establishment for measuring the 
elastic properties of coal. The cementing process is not 
difficult, and to an experimental accuracy of about $°%, which 
is sufficient for this purpose, the precise adjustment of 
specimen length to that of the transducer is not required and 
the error due to the cement is negligible (Terry 1957). 
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The letter of Mr. I. Evans refers to a method of measi# 
elastic constants which we have used, among numd 
others, many years ago but which we abandoned fo 
simpler methods we describe. We have tested hundre¢ 
specimens using the latter methods and the fitting of 
specimen, contrary to Mr. Evans’ suggestion, only tak 

fraction of a minute; cementing a specimen takes |} 
siderably longer and, in addition, the use of a hot ce} 

is undesirable and generally necessitates a waiting pe 


for cooling. 
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le influence of the method of demagnetization on the <ep— ———— — 
permeability in soft magnetic materials ey 4%, Silicon stee 
100% | 

years ago I began to make some measurements on the 40 a 


eld permeability of soft magnetic materials such as 
jn iron and Permalloys. I observed that their 
jeability depends on the manner by which they are 
i gnetized (Smolinski 1952). 

ating above the Curie temperature gives lower values of 
field permeability than those obtained after a gradual 
| tion of an alternating field. This effect appeared in 
||materials on which the experiments were performed: 


eiiaaue a 
7 1OO%= §(H) 


W 
e) 


N 
e) 


fe) 


Change in permeability (%) 


|) Silicon steel—4 °% silicon, normal metallurgical process Kio" 40 G/oersted 


{ (0-02% carbon). 5 7 
|) Silicon steel—2-5% silicon, vacuum melted (0:01% } 


/) Permalloy B—50°% nickel, vacuum melted. LESS 76 x 50 100200 SOOIO0O 
} Permalloy C—76% nickel, vacuum melted. Hcmilli-oersted > 


: ‘ 40 sh T + T r r T 
2 specimens were in the form of cut bars 76 mm long, [ | 2-S'LSilicon steel 


) provided with a coil of 400 turns (Lamson 1940, 30}+-— a] =i 
jinski 1950). The permeability was measured on an 
\ type a.c. bridge (Sullivan type AC 1100/1102) with a 
analyser (Radiometer FRA 1) as null-point indicator. 
j2 following procedure was adopted. The specimens 
‘first heated above the Curie temperature. They were 
j inserted in the coil and the permeability measured, 
jith an alternating field increasing from zero up to one 
7O oersteds; (2) with the alternating field gradually 
asing to zero, and (3) as in (1). The samples were then 
_away from the yoke and demagnetized by pulling them 5 i oe jee 
fy out of a coil carrying a large alternating current. The 5° So 1 JOR ee OR 
mens were re-inserted in the yoke and permeability was pee ves) 

Qured (4) as the alternating field increased from zero, 
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i: the subscripts 1-5 and the figures on the graphs 
spond to the five processes described above. These 
es exhibit a maximum of from 10 to 40%, occurring 
}:en 80 and 150 milli-oersteds. 

i2se results show clearly that the low and medium field 


fo) 


Change in permeability (7%) 
Nm 
© 


‘ thermal demagnetization. This was confirmed later, O 
yastance in the papers of Sommerkorn (1955), and of 

}; 1958). a [ae ee ars =| 
ee proughton (0955) “lO3—§ 7920 50 100200 5001000 


hould be pointed out that there is sometimes a small zi 
H (milli-oersted) 


re 3400G /oersted 


us i 
num in the curves (e.g. in Figs 1, 3 and 4) which means 
jhigher field permeability may be greater after thermal 


{ gnetization than after a.c. demagnetization. art = Leb, ea; | Permalloy C 
/yen repeating these experiments, it was found that it is 2 

jnecessary to heat the specimens above the Curie point B10 

ibtain their thermal demagnetization. Temperatures e 

fv 200° c were sufficient to exercise this effect (Smolinski a 

|. In these experiments the specimen was in the form of mere a 

toed rings of 4% silicon iron, 0:35 mm thick, 68 mm = p,6-8600G /oersted 2 

nal diameter, 40 mm internal diameter, stacked to a ) Pale oe ee ae 

‘t of 15mm. After annealing it was cooled slowly Sn 
!igh the Curie point to room temperature. Each ring was H (milli-oersted) 

Jinsulated from the other and the whole specimen was Figs 1-4. Percentage change in permeability after various 
ided with a winding. The permeability at 20 milli- demagnetizing processes (described in text). 
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oersteds was measured as before (point j,, Fig. 5), and the avoid the effect of disaccommodation the following mea 

sample was demagnetized by pulling it through the demag- ments were done on the next day. First the low field} 

netizing coil carrying a large alternating current as before. To meability ,,, was measured and found to be greater the 
Then the specimen was heated to 50° c and cooled to || 


is temperature, 20° c. The low field permeability was 
sch. ye eel found to be py, such that uw. < up < M», (Fig. 5). | 
3 The whole process was repeated, the temperature T | 
ome raised steadily until 4.7 reached a constant value equal tif 
2 600 This appeared for the 4% silicon-iron at about 1 


(Fig. 6). It should be pointed out that after a.c. demagn| 


ig a 


Oo 10 20 30 40 30 tion (and relaxation), the permeability ,, was constan: 
TCC) Nearly the same results were obtained with Permal 
Fig. 5. The method of measuring the permeability jy. (Smolinski 1954). These results show clearly that thé 
For explanation of symbols see text. demagnetization of these materials appears at a temper i 
Pa much lower than the Curie temperature. It is consis 
that a satisfactory explanation of this effect is not yet km 
2 es Bm bm level Technical University of Warsaw, A. SMOLINS 
3 Warszawa, 22nd November 
ee Poland. 
=e 
600 = | 
47, Silicon steel REFERENCES { 
H= 20 milli-oersted | 
eee JACKSON, R. C., LEE, E. W., and TROUGHTON, A. G. H., | 
= baB iQ04 | Brit. J. Appl. Phys., 9; 495. 
3 [Sib SSeS om Peas Se -- Lamson, H., 1940, Proc. Inst. Radio Engrs, 541. | 
z 10% | SMOLINSKI, A., 1950, Prace Badawcze Panstwowego Inst 
aso Em=Pt100%, Telekomunikacyjnego 4 Dad 
. Shr Bm 1952, Arch. Elektrotech. (Warsaw) (1), 67. 
3 of + ee a =a —— ae Arch. Elektrotech. (Warsaw) (3/4), 88k a 
Fee — 34, Instytut Podstawowych Probleméw Techniki i 
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Fig. 6. 4°% silicon steel, H = 20 milli-oersteds. SOMMERKORN, G., 1955, Tech. Mitt. Krupp (4), 71. 
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Abstract 


}) simple theory of Hall effect and magnetoresistance is 
fussed. The use of various semiconductors for galvano- 
Ynetic applications is considered, and some practical 
ications described. 


1. Introduction 


NVESTIGATIONS of the basic physics of solids often include 
studies of the galvanomagnetic effects. The Hall effect, 
“he voltage developed across a conductor when it is 
yed in crossed electric and magnetic fields, reveals the sign 
i.concentration of the charge carriers, while the increase 
Wesistance of the conductor, the transverse magneto- 
tance effect, yields information on the interaction between 
{carriers and the crystal lattice. Though many physicists 
Jaware of such academic applications, it is not generally 
ized that there now exist a number of practical devices 
wh exploit these two effects. 

{ this survey we first discuss the simple theory of the 
i effect and magnetoresistance. We then consider the 
jerials which can be used for these applications and show 
7 certain compound semiconductors are particularly 
‘ible. Finally we describe some of the instruments which 
» been developed. 


2. The Hall effect 


Jectrons travelling in a crystal under the action of an 
\ric field drift from one current electrode to the other. 
fm a transverse magnetic field H is applied as in Fig. | 


Fig. 1. Arrangement for observing the Hall effect. 


‘electrons are deflected, and a charge builds up on the 
fir side of the crystal. In a very short time the repulsive 
> caused by this charge balances the deflecting force 
fed by the magnetic field and the electrons once again 
% directly along the crystal. In the new equilibrium a 
lige V; has been created across the crystal, and, since 
repulsive force must be equal to the magnetic Lorentz 
2, we have 

Vie 


Fie veH 


(1) 
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where ¥v is the drift velocity of the electrons, and d the width 
of the crystal. The drift velocity is assumed to be the same 
for all the carriers and at low electric fields it is proportional 
to the carrier mobility jz. The current density / is equal to 
—nev, n being the electron concentration, so that 


LH aeleeie 
ne _ Ee 


Ait (2) 
where f is the thickness of the sample and / the current. The 
Hall voltage is proportional to the product of current and 
magnetic field, and inversely proportional to the sample 
thickness. The constant of proportionality is called the Hall 
coefficient Ry, and in this case it is equal to —1/ne. 

A similar argument can be applied when the conduction 
takes place by means of positively charged carriers, such as 
holes in a p-type semiconductor. If the field directions are 
as shown in Fig. 1 the holes drift from right to left, so that 
in this case as well the carriers will be deflected by the mag- 
netic field to the lower side of the crystal. The charge that 
builds up here is now positive, but again an equilibrium is 
reached when the repulsive electric force is equal to the 
Lorentz force, and the Hall voltage is given by Eqn (2), 
with the negative sign removed and the hole concentration p 
substituted for the electron concentration n. 

The situation is quite different when the crystal contains 
appreciable numbers of both holes and electrons. In the 
simplest case, with the hole concentration equal to the electron 
concentration and the hole mobility ip equal to the electron 
mobility j,, the Hall voltage will be zero. The magnetic 
field diverts both types of carrier to the lower side of the 
crystal, and there they recombine. No repulsive field is 
created, and in equilibrium the carriers drift diagonally across 
the crystal. We can show that this has an important effect 
on the electrical resistance. 


3. Magnetoresistance 


Before the magnetic field is applied to the n-type semi- 
conductor the electrons drift directly along the sample. A 
short time after the field has been applied, when the new 
equilibrium has been set up, the electrons again drift along the 
sample (Fig. 2). The resistance of the sample is therefore 
unchanged, since on our simple theory the drift velocity is 
independent of the magnetic field. Similarly the application 
of the magnetic field does not alter the resistance when the 
conduction takes place entirely by holes. 

For the ‘mixed’ conductor with » = p and py = [ly the 
initial deviation of the carriers remains uncompensated, 
because no Hall electric field is created. In the equilibrium 
condition all the carriers travel at an angle across the sample. 
Since the drift velocity is unchanged, the forward component 
of drift velocity must be less than it was before the magnetic 
field was applied, and the resistance of the sample increases. 

There will be few occasions when a conductor contains 
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equal concentrations of holes and electrons of equal mobility, 
but the general case can be solved without much difficulty. 
The sign and magnitude of the Hall field will be determined 
mainly by the more numerous or more mobile carriers. This 
field will tend to repel these carriers, and force them to 
travel more directly along the sample, but it must attract the 


equilibriutr 


@r 


nitial transient 


Fig. 2. Symbolic representation of carrier flow before and after 
application of the magnetic field (Z) = sample resistance in zero 
magnetic field, Zj, = sample resistance in magnetic field H). 


carriers of the other sign and increase their deviation. The 
total current across the sample, in the direction of the Hall 
electric field, must be zero, but both the hole current and the 
electron current will have components across the sample, 
and the forward components of drift velocity will be less 
than they were before application of the magnetic field. The 
consequent increase in resistance is given in Table 1. 


Table 1. Expressions for Hall coefficient and magneto- 


resistance effect 


Type of semiconductor Hall coefficient, Ru Magnetoresistance, Z/Zo 


n —1/ne l 

p +1/pe | 
Mixed laa es 

en = Mp 0 erent 


General case 1 = re 1 1+ ben H*(b + o/b + be) 
nh = PC, ba=—pd. (1 + be)? pe 1+-p,7H70 —e)2/ + be)? 


The basic fact we have now established is that we get large 
magnetoresistance effects by reducing the Hall electric field. 
When the Hall field is small the carriers are free to travel at 
an angle to their original path, and their effective mobility 
is reduced. We might therefore deduce that if we take the 
n-type sample of Fig. |, which shows no magnetoresistance, 
and connect the two Hall voltage electrodes L and N together 
(Fig. 3(a)), we should obtain an increase in resistance because 
we have suppressed the Hall electric field. Such an increase 
can indeed be observed. There are, however, more effective 
ways of reducing the Hall field and obtaining a magneto- 
resistance effect. One way is to use a sample shaped so that 
the width d of the current electrodes is much greater than the 
distance / between them (Fig. 3(6)). Such short wide samples 
have an inconyeniently Jow resistance, but a_ structure 
equivalent to a number of them connected in series can be 
made (Welker 1955) by evaporating or plating conducting 
strips at intervals across a long thin sample of material 
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(Fig. 3(c)). We can see that in this arrangement, calles|| 
raster-plate, transverse electric fields are short circuited. 
structure in which the maximum resistance change is obtaillj 
is the Corbino disk, which has one electrode at the cel 
and the other at the circumference (Fig. 3(d)). No 
electric field can be set up in such a sample, and the car 
spiral from one electrode to the other. 

The derivation of the expressions given in Table 1 
based on the assumption that all the carriers of one sign 
the same drift velocity. This is true for some semiconduc 
but in others, notably germanium and silicon, there 
spread in the carrier velocities. It can be seen from Eqn 
that under such conditions the Hall field could not exay 
compensate for the Lorentz force for all the carriers. | 
the equilibrium is reached carriers with some average velo} 
will be travelling undeviated along the semiconductor. Fa 
carriers will be deflected towards the lower side of the crys 
because the Lorentz force on them will be stronger than} 
repulsive electric force. Slow carriers will experience }jj 
small a Lorentz force to compensate for the Hall field, | 
they will be deflected towards the upper side of the crys] 


LEAL 
TT Af f fA 
NNNRN 
HHORRRY 
a) (d) 


Fig. 3. Methods of increasing the magnetoresistance efi 
(a) connected Hall electrodes, (6) a short wide sample, (c) a ra 
plate, (7) a Corbino disk. 


These two groups of carriers have their forward compo 
of drift velocity reduced by the application of the magr 
field, and the resistance of the crystal will increase. 
magnitude of the magnetoresistance effect will depend ony 
spread in carrier velocities, and for small magnetic fields# 
resistance will increase by a factor 1 + Fu2H?, where | 
the average mobility and F is determined by the vela 
spread. Generally F is smaller than unity. | 
The magnetoresistance effects in any particular sdf 
conductor sample will probably be due to a combination) 
the three processes we have outlined—the suppression o | 
Hall field because of the presence of both holes and electr} 
the suppression of the Hall field by geometrical effects, 


the decrease in effective mobility due to the spread in af 
velocity. 


| 


4. Choice of material 


It can be stated as a general rule that if a material is tell 
useful for galvanomagnetic applications the carrier mobil 
must be high and the carrier concentration low. The jf 
coefficient is inversely proportional to the carrier concert!) 
tion, and in a metal, for example, the concentration is so Jil 
that all the voltages developed are very small. This is 


son why semiconductors are preferred. The necessity for 
jigh carrier mobility in applications of magnetoresistance 
| be seen immediately from Table 1. The relative change 
jjesistivity, Ap/po, for a mixed semiconductor involves terms 
\:?H, and similar relations apply when the carriers have 
read in drift velocity. The geometrical magnetoresistance 
cts are large when the deviation of the carriers in the 
jsnetic field is large, and for this too a high mobility is 
yied. 

jor Hall effect applications it is important to consider the 
juit which is connected across the Hall electrodes. When 
Hall voltage is passed to an amplifier of high input 
uedance, the factor of merit is the Hall voltage divided by 
power input to the crystal, and this is proportional to 
R/ p (Ross, Saker and Thompson 1957). For this to be 
‘e the mobility must be high and the carrier concentration 
« On the other hand, if the load across the Hall electrodes 
jan impedance chosen to match that of the crystal the 
jortant factor of merit is the transfer efficiency, or the 
fer diverted to the load divided by the power input to the 
jtal. The transfer efficiency is proportional to (Ry/p)?, 
ich is equal to y?. The carrier concentration is in this 
i not directly relevant. A high efficiency is not, however, 
only criterion of a useful device. Semiconductors are 
jriously difficult to use because their electrical properties 
8) markedly with temperature. The mobility of a semi- 
Hjuctor is highest when all impurities have been removed, 
7 unfortunately, in this pure condition the carrier concen- 
jon is strongly temperature dependent. Doping, the 
Hational addition of impurities, will reduce the mobility, 
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are normally made n-type, and the galvanomagnetic properties 
are then determined by the electron mobility. This simple 
procedure is not satisfactory for InSb. In principle InSb 
could be made n-type with a carrier concentration of 
10!8 cm? and an electron mobility near 20000 cm2/v sec, 
and the carrier concentration would be relatively temperature 
independent. Such material would have an inconveniently 
low resistivity. It is better to dope the indium antimonide 
slightly p-type, and the resistivity is then a little higher than 
in pure material. The Hall coefficient does not decrease 
steadily with temperature increase, but passes through a 
maximum at a temperature determined by the degree of 
doping. A useful operating temperature range can therefore 
be obtained by doping to put this maximum near room 
temperature (Hilsum 1960). Even this reduced temperature 
dependence is too large for many applications, and when sen- 
sitivity is not the prime consideration one can choose n-type 
InAs. For a still smaller temperature dependence and a 
more convenient resistivity n-type GaAs and n-type Ge might 
be recommended, but the mobility would be four or five 
times less than in InAs. A compromise can be made by 
using an ‘alloy’ of InAs and InP. The properties depend on 
the composition, and if only about 20% of the phosphide is 
included a mobility of nearly 10000 cm?/v sec is obtained, 
with a temperature dependence of carrier concentration of 
0:04°% per deg c. 

We have noted that though a heavy doping of a low 
resistivity semiconductor like InSb can reduce the temperature 
dependent effects, the resistivity of the material becomes so 
low that no practical use can be made of it. Semiconductors 


Electrical properties of some semiconductors suitable for galvanomagnetic applications 


Yziven the characteristics of a number of semiconductors 
might be considered for galvanomagnetic applications. 
jcan be seen that the element semiconductors do not have 
Yigh an electron mobility as the compounds given. The 
4 mobility for the compounds is quite low, so that if the 
; mials have to be doped to give temperature stability they 
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Germanium Silicon Gallium arsenide Indium arsenide Indium antimonide poeta. 
Semiconductor = 
pure “doped (n)_ pure doped (n) pure doped (n) pure Fdoped (n) pure doped (p) le Me 
fectron mobility 4000 3500 1500 1200 | 10000 | 5000 | 33000 | 23 000 | 78 000 37 000 3000 
i(cm2/v sec) 
}le mobility 2000 | — 500 | — S00W == 50002) ee 750 | 600 
(cm2/v sec) 
Sifon concen- 2.1013 | 2.1045 | ~10!| 1045 ~10° | 5.106 | ~10!5 | 5.10! | 1-6.10! 7.1016 10%" 
tration (cm~ 3) (holes) 
isistivity (ohm cm) 50 1 210? 5 6.108 | 0-025 OD 0-005 | 0-005 0-033 0-02 
mp. dep. of Hall —§ —0-01 —8 —()-1 —9 —0-01 —3 —0:06; —2 Total —0-] 
coeff. (°%/deg) change 
for 20 
deg c 
| +1:5% 
//p 4-10* | ,3.10° 10° 31077 2. 108s) Sale 104 DEO aoe 1O? 5.102 4.10? 
| it also stabilizes the carrier concentration. In Table 2 are brittle, and samples cannot be rolled or worked to give 


very thin units. If devices could be made with a thickness 
of only a few microns, it would be practicable to employ 
heavily doped semiconductors. Thin films of HgSe have in 
fact been made with a mobility only a few times less than in 
large single crystal samples (Elpatevskaia and Regel 1956). 
The electrical characteristics of these films are included in 
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Table 2. Some success has also been achieved on InSb and 
InAs, and it is likely that in the near future it will be possible 
to use materials with a resistivity less than 10~? ohm cm for 
galvanomagnetic applications. 


5. Hall effect versus magnetoresistance 


In some of the applications of the galvanomagnetic effects, 
it is possible to use either the Hall effect or magnetoresistance. 
We can be guided in our choice between them by a con- 
sideration of the magnetic field available. The Hall voltage 
is proportional to the magnetic field, whereas the magneto- 
resistance effect is proportional to the square of the field. At 
some particular field the two effects will be equally useful, 
and at lower fields than this the Hall effect should be chosen. 
The particular magnetic field at which this crossover occurs 
depends on the material, the shape of the sample, and the 
electrical load to which the sample is connected. or a 
square sample of InSb working into a matched load, the 
crossover field is 2000 oersteds, and if the load is large com- 
pared with the sample resistance, the crossover field is 500 
oersteds. The crossover field is roughly inversely propor- 
tional to the mobility, so that usually the only materials for 
which one finds practical use for magnetoresistance effects 
are InAs and InSb. 


6. Applications of the Hall effect 


Some applications which make use of the Hall effect are 
listed in Table 3. 


Table 3. Applications of the Hall effect 
Application Current supply to Hall unit Source of magnetic field 
Gauss meter Local battery Magnet 
Compass Local battery Earth 
Magnetometer Oscillator Stray fields 
Susceptibility meter Oscillator Magnet 
Clip-on ammeter Local battery Current in a wire 
Measurement of ion Oscillator Beam of charged 
and electron currents particles 
Wattmeter 
Modulator Unknown Current in coil 
Multiplier current (ace dic,) 
Amplifier (ace, dic) 
Oscillator 


Microwave power 
measurement 


Electromagnetic Electromagnetic 
wave, electric wave, magnetic 
vector vector 


In the simplest device, an instrument for measuring magnetic 
fields, a thin rectangular plate of the semiconductor has two 
current electrodes and two Hall effect electrodes attached. 
The plate, often called a ‘Hall unit’ or ‘Hall generator’, is 
supplied with current from a small dry battery, and a low 
resistance milliammeter is connected across the Hall ter- 
minals. The reading of the milliammeter will be dependent 
on the magnetic field in which the unit is placed; and InSb 
or InAs units can measure fields down to | oersted. 

The sensitivity can be increased if the unit is placed between 
two permalloy rods, which concentrate the magnetic flux 
(Fig. 4). The gain depends on the ratio of the length of the 
rods to their diameter. With two 12 in. rods of 4 in. diameter, 
an open circuit Hall voltage approaching a millivolt is 
obtained from an InSb unit in a magnetic field of 0:02 oersted 
(Ross, Saker and Thompson 1957). The system acts as an 
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electrical compass, for the orientation of the rods in} 
earth’s magnetic field is indicated on a sensitive meter wil 
measures the Hall voltage. | 

Further improvement in sensitivity can be gaine | 
amplifying the Hall voltage. The driving current is | 


Fig. 4. The Hall effect compass. 


obtained from a transistor oscillator, and the Hall vol 
amplified by a transistor amplifier tuned to the oscilldf 
frequency. Using InSb, fields down to 10~? oersted 
easily be detected without concentrators, and with rods 4 
long and +in. diameter the detection limit approac 
10-© oersted (Hilsum and Thompson 1959, unpublishi 
The performance of this magnetometer is still not as high} 
that which is theoretically attainable. Since InSb shows 
current noise (Oliver 1957), the limit to detection should 
set by Johnson noise within the Hall generator, and fij 
down to 10~° oersted should be detectable without con 
trators, if the amplifier has a bandwidth of 1 c/s. In prad 
the limit is set by thermal drifts. InAs units can be used 
magnetometers and, with 4in. x +in. concentrators, 
detect fields less than 10~> oersted (Weiss 1960). But in 
application InSb is preferable. It is true that in InAs# 
Hall coefficient is relatively independent of temperature} 
that the calibration of the magnetometer would be const 
but it is more important that zero drift should be small. 
magnetometer is originally set so that a zero reading is sha 
on the output meter. No Hall generator is made with 
two Hall probes exactly opposite each other, and the 
alignment voltage must be compensated in some way. 
is done either by connecting a variable resistance bety 
one Hall electrode and one current electrode, or by suppl 
a small magnetic field from a permanent magnet or a solen 
The zero adjustment is made when the instrument is bro! 
into use, and it is obviously desirable that the balance she 
not change during the experiment. The zero drift, whic 
due to slight changes in temperature, is found to be less 
InSb than with InAs (Hilsum and Thompson 1%) 
unpublished). A theoretical study (Voeikov 1958) indie 
that the stability should be proportional to the cai! 
mobility, so that InSb should be about three times bd 
than InAs on this count. 

The Hall generator can be considered as a sensitive dete 
of magnetic flux. It is therefore analogous to a galvano 
and it can be used in a magnetic circuit in just the same 
as a galvanometer can be connected into an electrical cirdd 
For example, the resistance balancing circuit of Fig. S(d) 
similar to a Wheatstone bridge with two equal batteries. 
equivalent is the magnetic circuit of Fig. 5(+), where the # 
air gaps replace the two resistances, soft iron bars rep 
the wires, and the magnet with a centre tap takes the p 
of the batteries and resistances in the arms ABC. Init 
balanced condition no flux passes along B’D’, but ifft] 
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jactance of either air gap is changed, the balance is upset 
da Hall voltage will be developed in the unit. The field 
‘each gap can be near 2000 oersteds, and since the unit 
‘h the oscillator-amplifier combination can detect a field 
110-3 oersted, a change of reluctance of one part ina 


i 
} 


The susceptibility meter, the magnetic analogue of the 
Wheatstone bridge. 


dion is observable (Hilsum and Rose-Innes 1958). The 
meability of the material in the gap is 1 + 4 zy, y being 
i volume susceptibility, so that the susceptibility of a 
gerial with y = 10~’c.g.s. unit can be measured. This 
ynetic circuit is therefore a system for measuring magnetic 
sceptidility and, though it does not have the sensitivity of 
« Gouy balance, it is rugged and portable. It can also be 
aid as a teaching demonstration for illustrating some of 
‘properties of magnetic circuits. 
‘a these four devices the magnetic field is created by a 
manent magnet. It is also possible to use the magnetic 
@1 associated with an electric current, and this leads to 
sral more applications. The simplest is the d.c. clip-on 
aineter, which measures the current in a wire in terms of 
& magnetic field developed (Ross and Saker 1955). A 
sll magnetic core is arranged around the wire, and the 
1] unit is inserted in an air gap in the core. Currents down 
-.00 ma can be measured without amplification, with the 
ae to the Hall unit supplied by a local battery. Smaller 
4j-ents can be measured if the unit is used in conjunction 
¥) the transistor oscillator-amplifier combination, and this 
jimnique has been employed for the monitoring of ion and 
stron beam currents (Fig. 6). The system is useful for 
aents down to 5 A (Whitlock and Hilsum 1960). 
group of applications can be envisaged in which the 


» | 
5 


‘\s. The current may be taken as J cos w,t and the field 
OT cos (w,t + $), d being a constant. If w, is equal to 


permalloy 
ring 


7d: Beam of charged Be ee 
| (| 


The measurement of ion and electron currents by means 
of the Hall effect. 
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W, d represents the phase difference and the Hall voltage 
contains a d.c. term, /H cos ¢. This property is employed 
in the frequency spectrum analyser (Bogomoloy 1956 a). 
Here the current drive is the sum of terms like Tn COS Wmt, and 
the various components are isolated by sweeping the fre- 
quency of the magnetic field through the range to be analysed. 
Wherever the magnetic field frequency is the same as the 
frequency of one of the components of the current drive, 
a d.c. Hall voltage is developed. 

In the general case the Hall voltage is accurately propor- 
tional to the product of the current and the magnetic field. 
The Hall effect can therefore be used for a simple analogue 
multiplier, and much of the interest in galvanomagnetic 
devices has come through this particular application. Several 
descriptions of Hall effect multipliers have already appeared 
(Chasmar and Cohen 1958, Hartel 1954, Hilsum 1958) and 
we need only discuss here the merits of various semi- 
conductors. In a multiplier which is working into a matched 
load InAs is markedly superior to other materials. InSb 
would give a higher efficiency, but the accuracy would be 
low at high input voltages because the unit might suffer 
appreciable rises in temperature during operation. Further, 
the matching of the unit to the load would be upset if H were 
large, since InSb shows a high magnetoresistance effect. The 
choice of material is less obvious for a multiplier which is 
to be followed by an amplifier. The factor of merit, Ry/+/p, 
indicates that germanium would be preferable to InAs, and 
Lofgren (1958) has deduced from a detailed analysis that even 
lower mobility materials, such as silicon, may be better still. 
It is likely that GaAs may become more widely used for this 
form of multiplier when samples are freely available. 

Some other applications, which are similar in principle, 
are wattmeters for electric power lines (Strutt 1959), modu-. 
lators for mixers or d.c. amplifiers (Bogomoloy 1956 b), 
square-law detectors (Bogomolovy 1956a), and amplifiers 
(Ross and Thompson 1955). Barlow (1955) has developed 
a special form of ‘wattmeter’ for measuring the power of 
microwaves in a waveguide. The Hall unit can be arranged 
in the guide so that the electric vector is parallel to the 
surface and the magnetic field perpendicular to it. The Hall 
effect amplifier is a low-noise low-frequency amplifier, but it 
has not yet found a practical use. In this application the 
input signal is applied to the magnet coils and develops a 
magnetic field (Fig. 7). A local battery supplies power to 


by local battery 


Hall unit 


load 


Fig. 7. The Hall effect amplifier. 


the Hall unit, but none of the power passes to the loaa, which 
is across the Hall electrodes, until the magnetic field is created. 
The power diverted to the load may be larger than the power 
needed for the field coils if a high mobility semiconductor is 
used. InSb Hall amplifiers have shown a power gain of 5 
at room temperature (Ross and Thompson 1955). If the 
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Fig. 8. The magnetoresistance transducer. 


output from the Hall unit is fed back to the input coils, the 
system may be used as an oscillator. However, Bogomolov 
(1957) has shown that the efficiency is always low. 


7. Applications of magnetoresistance 


All of the Hall effect applications described above involve 
a small magnetic field and, following our criterion given 
earlier, we would not expect them to be suitable applications 
for magnetoresistance effects. But in some cases it is possible 
to apply a fixed magnetic field of several thousand oersteds 
to the sample, and then, though the differential change may 
be only a few oersteds, the magnetoresistance effect can be 


used with advantage. 


For instance the magnetoresistaj| 
amplifier is similar to the Hall amplifier shown in Fig. ! 
but an additional biasing coil is wound on to the core, @| 
the semiconductor sample is shaped to give large magné 
resistance effects (Thuy 1954). Such an amplifier could 
theory give a higher power gain than the Hall amplifier. 
magnetoresistance oscillator is also superior to the & 
oscillator and it can give efficiencies up to 37% (Bogomo 
1957). Magnetoresistive current regulators and variaj 
resistances have found some practical use (Willardson 4 
Beer 1956), but the application which will probably be ||, 
most successful is the displacement transducer (Ross 4! 
Saker 1957). In this device a small permanent mag 
provides a field of about 10000 oersteds in a narrow air g 
A sample of InSb or InAs of the shape shown in Fig. 8 a 
as the four resistances of a Wheatstone bridge, and ||| 
sample is constructed so that the bridge is balanced when 
not in a magnetic field. If the arm LQP is placed in the} 
gap of the magnet, both LQ and QP increase in resistam}} 
and in one position, with Q at the middle of the air gap, | 
bridge is again in balance. The balance can now be destro Ht 
by a vertical movement of the magnet, since one arm of i) 
bridge will increase in resistance and another will decreas 
The voltage output from the bridge is proportional to | 
displacement, provided the movement is not large enoug th 
bring the end contacts within the air gap. In a typical In 


o7 


i 
it 


Fig. 9. Displacement transducer. Inset shows magnified view of 
the InSb element and the magnet. 
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} hasducer the sensitivity is 1 volt per inch for displacements 
to 0:02 inch. The minimum displacement which should 
jietectable is near 0-05 A, if it is assumed that the sensitivity 
jimited by Johnson noise in a bandwidth of 1 c/s, but it 
been found in practice that thermal drifts prevent the 
j2ction of movements less than 5 A (Hilsum and Knight 
|9, unpublished). A simple instrument for workshop use 
<3. 9) has the current drive taken from the a.c. mains via 
/tep-down transformer, and the output amplified by a 
jsistor, rectified, and displayed on a milliammeter. Full- 
. deflection on the meter corresponds to a displacement 
)-0005 in. (Hilsum and Thompson 1959, unpublished). 
) he same principle can be used for a microphone or gramo- 
‘ pick-up. The preferred semiconductor for magneto- 
jstive applications is p-type InSb, but if the highest 
sitivity is not required InAs can be used. 


- 8. Conclusion 


i 

t 

ns yet none of the devices described above has found wide 
a in industry. Few complete instruments have been 
fught forward by commercial manufacturers, and there 
+ been little awareness of the potentialities of this field. 
‘a range of instruments is now becoming available. 
{uitipliers, clip-on ammeters, susceptibility meters and 
re transducers may soon be common items 


‘i quipment in the laboratory and factory. And as greater 
is made of these developments, so new devices will be 
»nted and better semiconductors discovered. Exploitation 
“the galvanomagnetic effects is beginning, but the full 
tibilities will not be seen for many years. 
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The preparation of thin films of germanium and silicon 
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Abstract 


Films about 10004 thick, suitable for observing dis- 
locations by transmission electron microscopy, have been 
prepared from the brittle semiconductors germanium and 
silicon by a combination of mechanical polishing and 
chemical etching. 


Polishing jig 


with the jig (Fig. 1), essentially a 1 in. diameter brass 

block threaded 40 turns per inch and fitted with two 
steel guard rings. The faces of the block and the guard 
rings were perpendicular to the axis. 

The jig was prepared by locking the rings so that one 
surface was flush with the face of the brass block and the 
whole was ground and polished. A locating scratch was 
then made on the polished face across the guard ring into 


Cwirnes grinding and polishing was carried out 


(a) 


hole for attaching to mechanical polisher 


| in. diam brass bob 
threaded 40 t.p.i. 


¢, 
YA — se locking ring 
Z d ring 
ZW a—steel guar 


Directoy 


Zi 


(b) nl 


Fig. 1. Polishing jig. 


the brass. The rings could then be freed and re-locked so 
that they protruded a known amount beyond the level of the 
brass. 

For grinding the specimen the same jig was used but both 
rings were inverted so that what was the upper face of the 
locking ring protruded beyond the face of the brass and 
acted as a guard ring. This preserved the polished face of 
the guard ring with its locating scratch until the final polishing 
stages. 

Grinding was carried out by hand using moistened 600 
grade carborundum paper. Diamond dust (final grade 
1 micron) was used on a mechanical polisher to produce 
metallurgically polished surfaces. 

Specimens were fixed to the jig with deKhotinsky cement. 
They were freed by dissolving the cement in hot, peroxide- 
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free, 2 methoxy- or 2 butoxy-ethanol (methyl or b) i 
cellosolve). 


Etching 


The polished surfaces were cleaned just prior to etcllf 
by immersion in a solution of potassium permanganate} 
concentrated sulphuric acid (0-01 % weight/volume) follow 
by thorough rinsing with distilled water. 

The etchant used for (111) surfaces of germanium 
warm (30-40°c) dilute sodium hypochlorite solu i 
(~1% w/v available chlorine). It had been shown previo#§ 
that this produced a smooth surface, featureless in | 
electron microscope. Dilute hydrogen peroxide admi 
with hydrofluoric acid and alkaline potassium ferricya | 
are suitable etchants for (110) and (100) surfaces respectilf 
(Holmes 1959), but have not been used in this applications 

For silicon the etchant consisted of a 4% w/v solutior 
sodium hydroxide to which sodium hypochlorite soluy 
(10% w/v available chlorine) was added dropwise 
hydrogen evolution with silicon was just suppressed. It} 
been used for both (111) and (100) slices. 

Scratches, either intentional or resulting from s) 
grinding and polishing, were enlarged by etching to fdt} 
shallow grooves. These were generally undesirable but 
was made of them to estimate the time required to red} 
the thickness of films by etching. 


Procedure 


(a) First side. A slice, about 1 mm thick and paralle 
a (111) plane, was cut from a germanium single crystal |J# 
cemented to the jig. The exposed surface was ground |i 
polished as described above. The slice was then remy 
from the jig and cleaned. It was placed in a small bedhi 
with the prepared side uppermost and the etchant po te 
over it and left for about 1 hour. The layer of material 1 
turbed by the grinding and polishing was thereby remo t 

(b) Thinning to about 5 microns. The specimen was mou 
on the jig with the first prepared side against the polis} 
face of the brass block, and thinned by grinding in stage 
about 0-05mm. The jig was readjusted for polishing | 
the thickness reduced on a mechanical polisher with 3-}) 
diamond dust to about 10-15 microns. A final readjustmé! 
of the jig so that the guard rings protruded about 5 Ih 
polishing with fine diamond compound (1 #4) thinned) 
specimen as far as mechanical means safely permitted. |} 

(c) Etching to about 1000 4. The specimen was rema}! 
from the jig, cleaned and etched by floating on the etch#! 
with the first prepared side uppermost until thin enoug® 
transmit an electron beam in the microscope. This requil] 
several hours. Control of the thickness was achieved) 
simultaneously dissolving a waste piece of the slice inf 
same etchant. An intentional light scratch made onl 
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) side after polishing was enlarged to a shallow groove by 
ying. As the second side was etched away and the thick- 
@; was reduced to the depth of the groove, the slice split in 
|. The waste piece was then immersed completely in the 
i.ant so that it was attacked from both sides. The time 
“nn for this piece to disappear completely was measured 
| the etching of the floating specimen stopped several 
jjutes before a further similar time interval had elapsed. 

§ dhesion of the thin films to the electron microscope grids 
f improved by coating the latter with polyisobutylene. 
iy were dipped into a dilute (2%) solution in chloroform 
» allowed to dry. 

/2e specimen could be removed from the grids with 
Bom, cleaned and etched further if required. 


| 
gj Fig. 2. Electron micrograph of as-grown germanium. 


4 
Seliminary reports of the results obtained with specimens 
Jared by this technique have already appeared (Geach, 
®g and Phillips 1957, Phillips and Hartree 1960). Two 
Sographs are reproduced here of specimens prepared by 
“tabove method (Figs 2 and 3). They show extinction 
#ours near the edge of the specimen and minute particles 
a)reign matter. Fig. 2 demonstrates that the preparative 
Hjaique eliminates dislocations produced by grinding and 
thing. Fig. 3 shows that an array of dislocations in the 
} of the material is not selectively etched out but can be 
yrved in the electron microscope. 

jp attempt has been made to use this technique to prepare 
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large area specimens; the only limits would be set by the 
physical size of the grinding and polishing jig and the 
fragility of the specimens themselves. No absolute measure- 
ments of specimen thickness have been required for the 
present purposes, but thicknesses have been estimated from 


Fig. 3. Electron micrograph showing dislocations introduced 
by indenting at 800° c. Indented surface ground flat prior to 
preparing thin film. 


the transparency of the specimens to an electron beam, and 
from the approximate determinations of the etch rate implicit 
in the final etching technique (the thickness after polishing 
is known from the setting of the polishing jig). This latter 
method could be used to prepare specimens of intermediate 
thickness. 
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Abstract 


By incorporating capillaries with long-flared ends in 
otherwise conventional U-tube or suspended-level visco- 
meters, it is possible to produce instruments in which no 
significant kinetic energy effect occurs for the Reynolds 
numbers generally encountered in viscometry. A detailed 
experimental study of their behaviour has been made. 
Using the new viscometers a viscosity scale in absolute 
units can be established with greater accuracy and greater 
facility than has hitherto been possible. 


1. Introduction 


CCURATE viscosity measurements are generally made 
on what is, in effect, an international viscosity scale 
based on an adopted value for the kinematic viscosity 

of water at 20° c (1:0038 cs) and on the use of glass capillary 
viscometers (American Society for Testing Materials 1953, 
British Standards Institution 1957, Deutscher Normenaus- 
schuss 1955, Institute of Petroleum 1958). With such visco- 
meters, including those incorporating the suspended-level 
feature due to Ubbelohde (1937) the observed time of flow tf 
is taken to be related to the kinematic viscosity v by the 
equation 


v = Ct — Bit (1 


~~ 


where C and B are constants for a particular instrument. 
The second term, or kinetic energy correction, which is by 
no means negligible for the lowest viscosities normally 
encountered, has been the subject of much investigation. 

A simple theory due to Hagenbach (1860) and Wilberforce 
(1891) gives for B the explicit expression V/87/, where V is 
the volume of flow and / is the capillary length. However, 
the theory is at best only approximately correct and it is 
usual to express B in the form 


B= mV [8x (2) 


and to focus attention on the numerical factor m. However, 
Knibbs’s (1895, 1896, see also Barr 1931) analysis of the 
experiments of Poiseuille, and the results of Bond (1922) and 
of Bell (1947), among others, show that m, although often 
taken to be 1-12, cannot be assumed to be independent of 
flow time at the Reynolds numbers encountered in visco- 
metry. Nevertheless, the standard method of establishing 
the viscosity scale treats B as a constant. The kinetic energy 
correction permitted is about 1% within the British and 
American specifications, and 2° within the German 
specification. 

As long as significant kinetic energy effects occur in the 
instruments used to establish the viscosity scale, those 
effects will contribute fundamental difficulties and compli- 
cations, and preclude any worthwhile improvement in the 
accuracy. 
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A new type of viscometer has been developed in which | 
kinetic energy effect is much less than in equivalent c@j 
ventional instruments and is negligible for most purposgs 
The new viscometers are of about the same size as céjj 
ventional types and hardly more difficult to construct. T 
use in the establishment of the viscosity scale affords | 
immediate improvement of 0:2% in accuracy. They aig; 
open up valuable new methods, in particular fulfilling | 
long-standing need for a method of detecting very snij 
deviations from Newtonian behaviour in low-viscosij} 
liquids. | 


2. Design and construction of the viscometers | 


In the design of the viscometers the concept of a unifaj} 
capillary with identifiable ends is abandoned. Instead, || 
aim is to achieve a hydrodynamical resistance, which 
constant up to the highest relevant Reynolds numb) 
through the absence of any marked curvature of the strej) 
lines in regions that make a significant contribution to | 
resistance. Such a constant resistance can be provided{ 
a capillary of one of the forms (4) and (c) shown in Figg) 


lh 


(a) (b) (c) 


Fig. 1. Conventional and long-flared capillaries. (a) co | 
ventional; (6) long-flared with parallel centre section; (c) witil) 
overlapping long flares. I) 


i 
in which the diameters are exaggerated. Fig. 1(a) repres#| 
a conventionally shaped capillary for purposes of comparis) 
The significant feature in (6) and (c) is a slow, monote ] 
increase in diameter and longitudinal curvature of the V 
from the commencement of the flare, or the centre of |} 


tube, to the extremity. 
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JA significant kinetic energy effect can exist at flow rates 
(Il below those for which jet formation occurs at the exit 
fice. The effect is then due more or less equally to inlet 
id exit orifices. To produce a large reduction in the value 
| B equal attention must, therefore, be given to each end 
| the capillary. Experimental proof that the kinetic energy 
» ect can be reduced greatly in practice will be given below. 
/ viscometer embodying a long-flared capillary may still 
“orporate the suspended-level feature, with the usual 
j vantages. 

(‘The required capillary forms can be produced by subjecting 
jjiniform glass capillary tube to pneumatic pressure while 
hangs in a tube furnace in which there is a temperature 
‘idient. On the assumption that the viscosity of glass 
‘ies exponentially with the inverse temperature, it can be 
bwn that in a uniform temperature gradient a tube of 
jernal diameter a acquires a suitable form such that its 
triable diameter d is given approximately by 


{ d = a{1 + exp (x/Ba)} (3) 


vere f is a shape factor and where x is measured from the 
) nt of diameter d = 2a. The physically significant parts 
the capillary, as regards the constancy of the overall flow 
jistance, are those in which the diameter increases from 
“ut 1-01 times to about twice its minimum value. These 
yts can be formed wholly within a uniform temperature 
dient. 


3. Experimental investigation of the kinetic energy effect 


\n experimental investigation has been made of the 
1aviour of viscometers incorporating capillaries flared to 
ferent degrees. The results, which extend over three 
ades of the Reynolds number, show a progressive and 
rked reduction in the kinetic energy effect with increasing 
Wree of flare. 
[: Theoretical aspects. Although the experiments range 
6@r conditions for which Eqn (1) does not hold with C and 
a-onstant, that equation can be retained if C and B are 
tlably defined. One approach is to define the coefficients 
jully, that is, as having those values for which Eqn (1) 
| «the viscosity-time curve in the region in question. How- 
ar, in the following, except where the designation ‘local’ is 
d, C is understood to be a constant, namely, the quotient 
#a very large viscosity and the corresponding very long 
4v time; B is then simply that quantity for which Eqn (1) 


v = Ct — K/t" (4) 


“sre C and K are constant for a particular viscometer. B, 
ined by Eqn (1), is then of the form 


B= K[(t"~’). (5) 
an be shown that Eqn (4) implies the more specific 
ation 

h Nv" 
y= M;,t =p (6) 


‘re M and N are constants associated with a particular 
jillary and fA is the effective pressure head. In practice, 
# pressure head changes during flow by a considerable 
ition, which depends on the design of the particular 
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that is determined experimentally for one instrument is of 
direct significance only for instruments of the same design. 
However, for present purposes the variation of the head 
during flow is of little consequence; it can be shown that 
for the values of n necessary to fit the experimental results 
of this paper, if Eqn (6) is valid at constant head with 
particular values of n and N, then, with those same values 
of n and WN and an only slightly modified value of M, it is 
applicable with good accuracy when the head changes 
during flow by as much as 2 : 1, a mean value being adopted 
for h. Thus, where Eqn (4) fits the experimental results, the 
values of nm and K derived from those results are not restricted 
in significance to flow with a changing head, but may be 
regarded as applying to the ideal case of flow at a constant 
head, namely the mean head. 

To obtain accurate information concerning the correction 
term, specially designed U-tube viscometers of the form 
shown in Fig. 2 were used. The fall of the meniscus may be 
timed between the marks a and b and also between b and c. 


| 


Fig. 2. The form of viscometer used in the investigation. 
a, b and c, timing marks; d, filling mark; B; and B2, upper 
and lower timing bulbs; B3, reservoir bulb. 


The instrument is, therefore, equivalent to two viscometers 
with a common capillary. If t, and f, are respectively the 
times for flow from the upper and lower bulbs, and if « 
is the corresponding ratio V"hyi@—)/V,"h3"—), then the 
viscosity may be expressed both as 

ak 


K 
Pomel, ne UR 


(7) 
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Eliminating v in Eqns (7), one obtains 
Gat L"/t,” 
1 = K(? [ty ). 


Coto Cot," +1 

In the instruments used, the volumes V, and V2 have been 
made equal to within 2°%%. Consequently, for those with 
conventional capillaries, for which n is approximately unity 
over a wide range of the Reynolds number, the value of « 
is approximately unity, whereas for those with long-flared 
capillaries « ~ (h,/h,)3~ in the range of Reynolds number 
for which Eqn (4) holds. The appropriate value of 7 is 
that for which the quantity on the left-hand side of Eqn (8), 
plotted against the quantity in brackets using data repre- 
senting a series of viscosities, gives a straight line. The 
value of K is simply the slope of this line. 

It can be shown that if Eqn (8) is found to hold with K 
constant, then Eqn (4) must apply. 

3.2 Experimental. The results given have been obtained 
with a series of four viscometers of the type shown in Fig. 2. 
The lengths of the flares range from conventional (viscometer 
I) to about half the length of the capillary (viscometer IV). 


1 & 


(8) 


if 
1 
| : 


Definition of shape and size of capillaries for viscometers I-4| | 


I I WW IV | 
a(mm) 0:47 0:47 0:49 0-48 | 
B 1-7 5: il Zanes | 
a 69 82 98 220 | 


The capillary of instrument IV is more nearly of the for) 
of Fig. 1(c) than of Fig. 1(b). The four instruments aij) 
designed so that their flow times are much the same, a ¥ 
so that in instrument I the kinetic energy effect provides | 1 
unusually large proportion of the total flow resistanp| 
(10% at 1 cs for flow from the upper bulb). iI 

Measurements have been made with each instrume)} 
using a series of liquids, each at a number of differe)) 
temperatures. The liquids were, in order of decreasijj| 
viscosity, di-butyl phthalate, aniline, dioxane, water, benzen] 
methyl ethyl ketone and acetone. The concordance of tii 
data obtained with these different liquids in any one instr 
ment, which is apparent from the plots of Figs 3, 4 and 
shows that all the liquids behaved in a Newtonian mann! 

The design of the experiment is such that conclusia 


i 
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Fig. 3. 


Plot of the results on the basis of the conventional equation of flow (Eqn (1) of the text). A linear plot indicates 


ty/ty-1 stokes sec ' 
Ct 


that the equation applies. 


Whereas the conventional capillary flares were formed by 
ordinary glass-blowing techniques, the long flares were 
produced by subjecting each end of the Pyrex capillary tube 
in turn to a uniform temperature gradient, while applying 
internal pneumatic pressure. The temperature at the 
extremity of the tube was about 730° c while the gradient 
was a few degrees per centimetre for instrument IV and 
Dpceres el greater for HI and I. In each case a pressure 
of 20lb/in? was applied for about 5min. The flares of 
tubes II, HI and IV are closely in accordance with Eqn (3), 
while those of tube I are approximately so. The parameters 
defining the shape and size of the capillaries are given in the 
Table. The distance from the origin of x for the flare at 
one end of the capillary to the origin for the flare at the 
other end, expressed as a multiple of a (Eqn (3)), is denoted 
by f. The capillaries range in overall length from approxi- 
mately 3-5 cm for instrument I to approximately 12 cm for 
instrument IV. 
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drawn after fitting the results to Eqn (8) are largely unaffeci3 
by most of the types of error that arise in conventioti! 
viscometry. Thus the temperature need not be kno 
provided it is the same for flow from the upper and lo ‘ 
bulbs. This condition was satisfied to +0-002 deg c, 
corresponding error being quite negligible. Also, a si 
fill of liquid provides flow from both the upper and lo 
bulbs. The method is very insensitive to any constant er 
in the rate of the timing device. If the liquids have the sé 
surface tension, no surface-tension error of any consequeit 
can occur. The surface tensions of all the liquids excgf/ 
water are, in fact, roughly the same, not varying much fri 
30 erg/cm?. Although the surface tension of water is mut! 
higher than this, being approximately 73 erg/cm?, the po 
for water in the plotted results show no systematic deviath 
as compared with those for the other liquids, confit 
that surface-tension forces largely balance out. The volutl 
of liquid retained on the wall of a bulb during flow cantt 
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Pig. 4. Plot of the results on the basis of the equation 
»=Ct—K/t*. A linear plot indicates that this equation 
applies. 


jwn to be independent of viscosity at constant surface 
jision; further, it can be shown to be very insensitive to 
face tension and was of no consequence in the present 
oeriments. However, care had to be taken to run the 
luid back sufficiently slowly between measurements to 
) ve only an insignificant amount of liquid on the wall of 
*: reservoir bulb. A reproducibility of the vertical align- 
int of the instruments to 0-2° or better is important, but 
%s easily achieved in the experiments. Likewise care was 
“cessary to fill the instruments accurately to the appropriate 
rk. In fact, the only significant source of error appears 
' be the observation of the times of flow, which gives rise 
J an unbiased scatter of the results. 

3.3. Results. The results are most readily interpreted 
en plotted on the basis of Eqn (8), as in Fig. 3 with n = 1 
iin Fig. 4 with n = 4. It is immediately apparent from 
se plots that the kinetic energy effect diminishes pro- 
‘ssively and markedly from viscometer I to viscometer IV. 
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In Fig. 3 the plot for the instrument with conventional 
flares (I) is closely linear, except at low flow rates. The 
disposition of the points in this plot shows evidence of 
significant small deviations from the straight line that do 
not appear to be internal to groups of points corresponding 
to the same liquid. Whether real or not, these deviations 
have no bearing on the present discussion. The plots for 
instruments IJ and III are non-linear at low flow rates but 
apparently tend to straight lines at high flow rates. Thus, 
certainly for instrument I and probably also for instruments 
II and III, with increasing flow rate the results tend to con- 
form to Eqn (1) with constant Jocal values of C and B. The 
linear part of the plot for I corresponds to a value of m of 
1-25 + 0-05. This approximate constancy of m with a 
conventional capillary from a Reynolds number of about 
200 up to at least 600 (defined as 4Q/7va, where Q is the 
volume rate of flow for the upper bulb) is in contrast with the 
results of Bell (1947), who reported that m varied from about 
0-6 to 0:8 over that range. 

The plot for instrument IV in Fig. 3 is curved up to the 
highest flow rate used, corresponding, in terms of flow from 
the upper bulb, to a Reynolds number of approximately 
1600. 

In Fig. 4 the plot for instrument IV is a straight line over 
the whole range. The behaviour of this instrument thus 
accords with Eqn (8) with n = 4. Indeed, if the true value 
of n had differed from 4 by even 10%, the plot would have 
been conspicuously curved. The curves for the other instru- 
ments deviate progressively further from the line for instru- 
ment IV. The results suggest that the curves for instruments 
II and III tend to linearity in the neighbourhood of the 
origin, and that each of these curves approaches the origin 
at a definite angle to the co-ordinate axes. It is thought 
that this is the case and, consequently, that Eqn (8), with 
n = 4, is applicable to these instruments at limiting small 
flow rates. 

To focus attention on the region of greatest interest, the 
data obtained with instruments I and IV at the lower flow 
rates, including a number of points omitted from Figs 3 
and 4 for the sake of clarity, are plotted against the Reynolds 
number in Fig. 5. It may be noted that in this region the 
Reynolds number is approximately proportional to the 
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(3) U-tube viscometers (Brit. Stand. 1957). 
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REYNOLDS NUMBER 


q Fig. 5. Plot of the data for the region relevant to standard viscometry with Reynolds number as abscissa. The maximum 
}) Reynolds numbers permissible (e.g. according to Brit. Stand. 188: 1957) in a master viscometer and some standard U-tube and 
| suspended-level viscometers are shown. 


(1) Master viscometer (Brit. Stand. 1957, Inst. Pet. 1958,) U-tube and suspended level. 
(2) Suspended-level viscometers (Brit. Stand. 1957, Inst. Pet. 1958). 


BRITISH JOURNAL OF APPLIED PHYSICS 


CAPILLARY VISCOMETERS OF NEGLIGIBLE KINETIC ENERGY EFFECT 


abscissa quantity of Fig. 3, and that the curve drawn for 
instrument IV in Fig. 5 is equivalent to the straight line in 
Fig. 4. As in Fig. 3, the broken line represents an extension 
of the linear part of the plot for instrument I. 

Figure 5 also shows the Reynolds numbers corresponding 
to the most rapid flow that the English and American speci- 
fications (American Society for Testing Materials 1953, British 
Standards Institution 1957, Institute of Petroleum 1958) 
allow in suspended-level viscometers 1, 1A and 2, U-tubes 
A, B, C and D, and in master viscometers. For instrument I 
the local value of B does not become constant until the 
Reynolds number exceeds the highest value allowed. Thus 
the use of a constant B-value, as the specifications require, 
can be no more than a compromise. However, with instru- 
ment IV the kinetic energy effect is not detectable for 
Reynolds numbers up to about four times the highest that 
these specifications allow. The actual magnitude of the 
effect in this instrument is now considered. 

The slope of the curve for instrument IV in Fig. 4 gives 
for K the value 540 stokes s+. The value of « is 2-23. For 
flow from the lower bulb the principal constant of the 
instrument is 5°49 x 10-5 stokess~!, corresponding to a 
flow time for water at 20° c of i83-:7s. At this flow time 
the ratio of the correction term to the principal term is only 
1:0 x 10-4. The corresponding ratio for a British Standard 
U-tube A, when used with water at 20° c (flow time approxi- 
mately 300s), is approximately 5 x 10-3. Thus, even 
though the flow time in instrument IV is little more than 
half that in the B.S. U-tube, and the dimensions of the two 
instruments are comparable, the kinetic energy correction 
for the former is 50 times smaller than for the latter. If 
instrument IV is compared with the standard suspended-level 
viscometer No. 1 at the lowest viscosity allowed, namely 
0:02 stokes, the calculated kinetic energy corrections are 
found to be in a ratio of almost 2000 : 1. 

Clearly, viscometers can easily be constructed with which 
accurate measurements can be made without kinetic energy 
corrections, even well below the range of viscosities covered 
by the present specifications. 

A number of general conclusions can be drawn from the 
curves of Figs. 3 and 4 as to how the flare length and flow 
rate affect the behaviour of instruments with capillary flares 
of the present general shape. 

(i) At high flow rates: (a) except, perhaps, with the longest 
flares, as the Reynolds number increases the behaviour of an 
instrument tends to conformity with Eqn (1), with local 
constants C and B; (b) the Reynolds number at which the 
behaviour conforms to Eqn (1) is higher the longer the flares. 

Gi) At low flow rates: (a) as the Reynolds number 
decreases the behaviour tends to conformity with Eqn (4), 
the value of n being 4; (6) conformity with Eqn (4) extends 
to higher Reynolds numbers the longer the flares; (c) the 
value of K in the equation decreases with increasing flare 
length. 

It would not be surprising to find that the validity of 
Eqn (4) at sufficiently low Reynolds numbers, with n = 4, 
extends to instruments with capillary ends of any shape, 
provided that the longitudinal curvature of the capillary 
wall, in the critical zone, increases monotonically and that, 
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in this zone, the angle between the wall and the capil} 
axis is small. The latter proviso is not satisfied in instru: 
I of the present set, and the curved extremity of the ploti 
this instrument in Fig. 3 probably does not represent} 
approach to n = 4. i 
In other experiments, long-flared capillaries were ing 
porated satisfactorily in viscometers of the suspended-lq 
type to give results generally in accordance with those g 
above. The meniscus representing the suspended level foi 
readily at the extremity of the long exit flare. The shapd 
this extremity must, however, be chosen with the ug 


discretion. 


{ 


4. Conclusion 


It has been shown possible to construct glass capill} 
viscometers, incorporating long-flared capillaries, in wh 
the kinetic energy effect is negligible for most purposes. 
study of the behaviour of a series of instruments with capi 
flares, ranging in length from conventional to about half} 
length of the capillary, points to the conclusion that, exd 
perhaps for the shortest flares, the correction term in | 
equation of flow tends to the form K/t* at low Reyns 
numbers. | 

The manner in which the length of the flares affects \j) 
value of K and the range of validity of the inverse foul 
power law is the subject of a further investigation in prog: 
In other work, viscometers of the new type are being 
to determine accurately the relative viscosity of water dj 
series of temperatures and the effect of dissolved air. 
results of these investigations and a more detailed accg 
of the design and construction of the viscometers will] 
published in due course. 
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| Abstract 

eriments have been carried out to measure the energy 
pated as internal friction (hysteresis loss or work of 
irmation) when sliding rectangular steel sliders on 
_ous types of fibre assembly. The theoretical assump- 


ty previously made by Greenwood and Tabor in 
Vaining experiments with steel balls sliding on rubber 
to predictions of internal friction in fibre assemblies 
% are too low. It is thought that one reason for this 
Yie tendency for the pressure to build up at the front 
a ie the slider when it moves over a fibre assembly, 
My increasing the amount of internal friction corre- 
»ding toa given deformation. It has also been found 
* the energy dissipated appears to be abnormally high 
(staple yarns as compared with continuous filament 
vs. It is suggested that two mechanisms of energy 
*pation exist. On the one hand there is the normal 
Yianism where deformation is subject to complete 

ie recovery, although energy is lost in the process. 
iddition, with staple yarns in particular, work of 


Ynal rearrangement may occur which is not subject to 


| 


‘ic recovery, but which represents a permanent change 
ie yarn. It is suggested that this may be a wear or 
sion factor due to general sliding and loosening of 
s within the yarn. A quantitative measure ae this 
wr offers an approach to a definition of abradability 


‘ ibility to wear. 


Introduction 


- view of its possible technological importance in the 
eptile field it is surprising that no experimental work, as 


*. of internal friction (hysteresis loss or work of defor- 
‘yn) on the friction of fibre assemblies. The work 
> ibed here is of a preliminary nature only, but it has been 
vient to show the significance of this phenomenon. 


iferent in character from that in rubber. A fibre assembly 
; as a yarn is a comparatively loose structure with little 
ision between individual fibres. This leads to marked 
‘tions from theoretical predictions based on a rubber- 
Hmodel, the internal friction in fibre assemblies usually 
3s higher than would be expected on this model. This 
/ ase has been most clearly apparent with staple yarn or 
i, where fibre displacements are not necessarily reversible 
/nay lead to a permanent change in the assembly structure. 
day be that a quantitative measure of this factor (which 
‘asic property of the assembly) would give a new approach 
»e problem of abrasion or wear. 


Experimental 


he apparatus used was similar to that described pre- 
sly (Huffington and Stout 1960). Upper rectangular 
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steel sliders were used, about 1 mm thick and 4cm wide 
and of different lengths / in the direction of sliding. In most 
of the experiments the front and rear edges of the slider 
(those perpendicular to the direction of sliding) were cut at 
an angle of 70° with the horizontal as in Fig. 5. The lower 
surface consisted either of a single layer of parallel yarns 
wound on to a wooden platform in the direction of sliding, 
or a strip of cloth or felt. The bulk of the results were with 
yarns, which were spaced sufficiently far apart in the layer 
that they did not touch when flattened by the slider, thus 
eliminating any restriction of deformation due to mutual 
interference. 

If the frictional force per unit slider area F/A is plotted 
against the normal load per unit area W/A = p:p for steel 
rectangles of different / values a series of curves as shown 
by the typical result in Fig. | are obtained. As the / value is 


x 


Fig. 1. F/Aagainst W/A = p(g/cm2). Layer of viscose staple 


yarn 1 mm diam., 3-7 T.P.1I., 50 denier. 
Se = OPS Gan, (A) lee! Gin, Oil) == Aen, O // | Cs Si, 


increased the slopes of the curves are reduced. This is 
because the frictional force consists of two terms, the friction 
between the flat steel surface and the assembly surface 
(F, per cm’) and an excess friction located at the front edge 
(F. per cm of front edge of width 5). 


1.€. F=F,A + F.b (1) 
F F, 
au aa (2) 


Thus at large /, or in the absence of excess friction F/A = F,. 
The (F/A, p) curve in Fig. 1 corresponding to this condition 
was obtained by sliding the assembly over a steel lower 
surface of larger area in such a way that excess friction at 
the front could not occur. The assembly and the steel were 
identical with those used in the other experiments referred to 
above. The lowest curve in Fig. 1 shows the result obtained. 


From Egn (2) 
we (2) <6 (A) 
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In Fig. 2 log (F/A — F,) is plotted against log p for different / 
values, using the experimental results of Fig. 1. These curves 
are displaced, roughly parallel to one another, depending on 
the value of /. If the average value of (F/A — F,) over the 
experimental range of pressures is obtained at each / from 
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Fig. 2. log (F/A — Fy) against log p (g/cm2). Description of 
points as in Fig. 1. 
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Fig. 3. (F/A — F,) (average) (g/cm?) against 1// (cm ~!) from 
Fig. 2. 


Fig. 2 and plotted against 1//, Fig. 3 is obtained. Since this 
is a straight line passing through the origin it shows that the 
results are consistent with Eqn (2). Also Fig. 2 shows that 
F, = (F/A — F,)l is roughly proportional to p except at low 
pressures. 

In Fig. 4 F, is shown as a function of p obtained from the 
experimental results referred to above for] = 1-4cm. Also 
shown is the result obtained under similar conditions with a 
layer of nylon continuous filament yarn. Results similar to 
those described above have been obtained for a number of 
different fibre assemblies, and it is of interest to consider 
how far they can be understood theoretically. 


The excess friction at the front edge 
Theoretical considerations 


Suppose the front edge of a rectangular steel slider moves 
perpendicularly along the axes of a number of parallel yarns 
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i) 
| 


and makes an angle 8 with the horizontal as in the ve 
sectional view in Fig. 5 (bottom). Viewed from abo 
region of contact between slider and a single yarn wi 
as in Fig. 5 (top). 

28 ‘ 


24 


0 40. 80 120 160 200 240 
p (g/cm?) 


Fig. 4. Fe (g/cm) against p (g/cm2). 

x Layer of viscose staple yarn 1mm diam., 3:7 T. 
50 denier. ; 

© Layer of nylon continuous filament yarn 1 mm diam. asi) 
Table 1 


yarn 


flattened surface 


a 
direction of sliding 


slider 


yarn 


Fig. 5. The contact region at the front edge for a single 
(PB = constant). 


previously referred to was the value averaged over the 
area of the flat part of the slider.) Then the correspont 
load sustained at the edge is given by 


W = p. cos B — up, sin B 


where pz is an average value of the interfacial coefficiel 
friction. Similarly the corresponding force compondi! 
the direction of sliding is 


F = p.sin B + wp, cos B. 


The results for the interfacial coefficient of friction of 
against the different materials considered in this /@ 
(without excess friction at the edge) did not exceedill 
Eqns (4) and (5) become, with 8 = 70° and wp = 0:2 


W = 0°34p, — 0°19p, 
F = 0-94p, + 0-07p.. 


Thus the contribution of interfacial edge friction ta}! 
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varatively small, although it appreciably influences W. 
6), however, does not enter into the calculation of the 
Vs. 

ym (5), the force per unit width of slider (neglecting 
-acial friction) is 


F= Pet (8) 


|: tis the total thickness of the slider. 


we assume, as a maximum estimate, 100°% hysteresis 
. he excess frictional force per unit width of leading edge 
es 


F, = Pel. (9) 


i: pressure distribution over the leading edge and the 
» f contact (shown shaded in Fig. 5 (upper)) are unknown, 
jigh visual observation showed that the thickness of 
y involved in contact with the yarn was less than ¢. 
4 as a maximum estimate it is provisionally assumed 
Se—p-. Since t = 0:114cm 

| F, = 0-114p = Bp. (10) 
| 

)) experimental results have indicated a variation of F, 
4 of roughly the same form as in Eqn (10) in all cases 
or example, Fig. 4). However, the constant B deviates 
iivhat from the estimated figure as shown by the results 
‘ole 1. In view of the assumptions made the B values 
ble 1 seem reasonable for continuous filament yarn 
It, but all the results for staple yarn and cloth (except 
xceed the maximum possible estimate given above. 


‘ble 1. Rectangular steel sliders on fibre assemblies 
bi /0 = Ol 14.cm 


| 
| 
| 


B(exptl) _ rat) Walker 
1 Assembly B (exptl) 0-114 abrasion test 
of nylon cont. filament 
7 (1 mm diam., twist 2 
o1.P.1.) 0-064 0:56 — 
(Fig. 4) 
y of nylon staple yarn 
Bm diam., 2 T.P.1., 6 
r) 0:14 1-23 2:14 
‘of nylon staple yarn 
imecdiam., 7-2 T.P.I., 
‘nier) 0-085 0-75 4-48 
of viscose staple yarn 
mm diam., 3-7 T.P.L, 
ienier) 0-15 1°32 2:25 
of viscose staple yarn 
mn diam., 3-7 T.P.I., 
¥ienier) 0-22 1:93 1:11 
(Fig. 4) 
Melt 0-064 0:56 — 
bth 0-144 1:26 — 


‘ibove. One assumption implicitly made was that the 
a] friction was a function only of the deformation (as 
Sibber), so that static loading experiments with the same 
Siation would give the same internal friction as in the 
4 experiments. It is probable, however, that with a 
jor example) during sliding there is fibre displacement 
‘the axis of the yarn due to the dragging effect of the 
j2dge. In this case during sliding the yarn no longer 
“iformity of structure along its axis, there being a dis- 
aity at the front edge. This can be allowed for in a 
|but simple way by assuming the pressure normal to 
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the interface at the front edge to be yp where y may be 
greater than unity. Eqn (10) then becomes 


F, = 0:114yp (11) 
_ B(exptl) 
> 0114 Ue 


Values of y in Table 1 suggest that there may be a pressure 
build up at the front edge with staple yarns and cloth, and 
that this is considerably less for continuous filament yarns 
and felt. This is reasonable since, although fibre movement 
along the axis can occur with continuous filament yarn, it is 
likely to be more restricted than with staple yarn. Also any 
fibre displacement in a continuous filament yarn is reversible, 
since the yarn ultimately recovers its original structure. With 
a staple yarn this is not so, there being, for example, a 
noticeable increase in the hairiness of a yarn after an experi- 
ment. It thus seems reasonable to correlate the increased 
value of y for staple yarns above that for continuous filament 
yarns with internal sliding and rearrangement of fibres 
representing a permanent change in the yarn. In other words 
this may be a measure of the abradability or liability to wear 
of the assembly. 

This idea has been tested by measuring the abrasion resis- 
tance of the staple yarns using a Walker yarn abrasion tester 
(Walker and Olmstead 1945). In the final column of Table 1 
the logarithm of the average number of rubs required to 
break the yarn under a certain tension is shown, and this 
appears to correlate with the value of y (the higher y the 
lower the abrasion resistance). 


The effect of the shape of the front edge of the slider 


Only an incomplete investigation has been carried out, 
but this has been sufficient to show that F, depends on the 
shape of the front edge. In one set of experiments the 
front edge was rounded as in Fig. 6 and this caused a 


direction of sliding 


Fig. 6. Section of front contact edge for a rectangular steel 
slider with a rounded edge deforming a yarn. 


slider 


yarn 


reduction in F, as compared with the straight edge with 
8 = 70°. With a rounded edge it is difficult to make a 
theoretical estimate of F,, but possibly the effective value 
of p. in Eqn (9) can be regarded as less than when 
B =70°. The values of B(exptl) in Table 1 for B = 70° 
are reduced by a roughly constant factor of 0-4 for the 
rounded edge. Thus F, values for the different assemblies 
still have the same ratio to one another, although reduced in 
magnitude, staple yarns showing once again a relatively high 
internal friction as compared with continuous filament yarns. 
The abrasion damage caused with the rounded edge is, of 
course, less than when 8 = 70°. 


Relative magnitude of F, and F, 


The magnitude of the internal friction at the front edge 
per unit width F, is perhaps best understood by comparing 
it with the friction between the surfaces under the slider per 
unit area F,. In Table 2 F,/F, is shown (averaged over the 
experimental range of pressures) for different fibre assemblies 
and for both straight and rounded edges. 
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Table 2. 
Fe/Fs(@ = 70°) — Fe/Fs (rounded) 
Assembly (cm) (cm) 
Layer of nylon cont. filament yarn, 
1 mm diam. 0-48 0-20 
Layer of nylon staple yarn, 1mm 
diam: 2 TPE 0-91 0-47 
Layer of nylon staple yarn, 1 mm 
Gianni) tebe 0:66 0-32 
Layer of viscose staple yarn, | mm 
diam., 3°7 T.P.1., 4°5 denier 0:82 — 
Layer of viscose staple yarn, 1 mm 
diam:, 3:7 T.P:1., 50 denier 0-95 == 
Wool felt 0-35 0-1 
Jute cloth 0:63 0:3 


F./F, is by definition the ratio of the two types of friction 
for a particular dimension (1 cm?) of slider. Enlarging the 
slider area reduces the relative importance of F,, and 
decreasing the area increases its relative importance. For 
example, for the 50 denier viscose staple yarn and a slider 
1mm square with 8 = 70° the internal friction would be 
about ten times the surface friction. For continuous filament 
nylon yarn and a slider 1 mm square with a rounded edge the 
internal friction would be twice as great as the surface friction. 
These examples show that the internal friction can be more 
important than the ordinary friction under suitable experi- 
mental conditions. 


Variation of F, with p over an extended range 


Figure 4 shows that there is a tendency for F, to increase 
more slowly with pressure at both the lowest and highest 


pressures. This appears to occur fairly generally and Fig. 7 
a es es eee fae Set ee 
500 1000 
p (g/cm?) 
Fig. 7. Fe (g/cm) against p (g/cm?) for rectangular steel slider 


with a rounded edge sliding over a layer of nylon continuous 
filament yarns of 1 mm diam. 


shows results obtained with nylon continuous filament yarn 
over a wide range of pressures (slider with a rounded edge). 
At very low pressures there may be little bulk deformation 
of the yarn, only a closing of interstices between loose fibres, 
with a relatively small increase of F, with pressure. The 
main variation of F, with pressure is thought to be due to 
flattening of the yarn by bulk deformation, but this is 
restricted at high pressures, when F, must presumably tend 
ultimately to a fixed maximum value. 


Discussion 


The experiments described above have established that the 
work of deformation when sliding steel rectangles over fibre 
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assemblies is often abnormally high. This is proba} 
because the sliding produces a build up of pressure at |) 
front. For example, when the edge slides perpendiculd) 
along the axis of a yarn there is a temporary increase of ty 
in front and this means that a given deformation 
dissipate more internal friction. With staple yarns the 
an additional effect due to the increased freedom of mq) 
ment of individual fibres with the possibility of the ih 
displacing them irreversibly, thus altering the structure o 
yarn. 

The theoretical treatment has been much simplified, 
the present knowledge of the deformation characteristic 
fibre assemblies is insufficient to allow a more rigorous st 
Even if the static deformation properties of the assembly vi) 
known, this would not be adequate under dynamic conditiqif 
The static deformation of a yarn when loaded as in Fi 
depends mainly on twist, tension of the yarn, elastic proper} 
of the fibre and inter-fibre friction. The results for ny 
staple in Table 1 show that increased twist does reduce 
internal friction, but the results for continuous filament yy 
suggest that this is mainly due to a reduction of fibre may 
ment along the axis of the yarn under dynamic conditi 
Insufficient data are at present available to correlate inte# 
friction with elastic properties of the fibres. Under othe 
similar conditions a large elastic yield would be expectes 
produce a high internal friction. 

Although in the theoretical treatment given the interfa; 
friction at the front edge appears from Eqn (5) to be 
important than the work of deformation, this friction |) 
the friction under the flat part of the slider is criticyl, 
important in determining the value of pg, i.e. the extent 
any pressure build up that may occur. The interfacial frick 
is therefore important in so far as it affects the magnith 
of the work of deformation. In the experiments descrif 
above, the surface of the front edge was comparatively row 
thus producing a rather larger jz and generally a very 
larger excess edge friction than with a smoothly surfaced e§{7 
For much larger values of « or smaller values of 6 
interfacial edge friction may no longer be a negligible fat 
in Eqn (5). 

It is clear that in many cases the internal friction may 
of practical importance, for example, in increasing the t 
friction of a yarn running round a guide. The apparé 
greater internal friction of staple yarn as compared ‘i 
continuous filament yarn and the correlation of this fal 
with liability to abrasion of the yarn may offer a dit 
approach to an important technological problem. 


Acknowledgments 


The author wishes to thank Mr. J. G. Hutton for exyf 
mental assistance, the referees for their helpful criticism, 
the Director and Council of the British Jute Trade Resed! 
Association for permission to publish. 


References 


GREENWOOD, J. A., and TaBor, D., 1958, Proc. Phys. & 
71, 989. 


HuFFINGTON, J. D., and Stout, H. P., 1960, Wear, 3, 26. 


WALKER, A. C., and OLMSTEAD, P. S., 1945, Text. Res. J.s]} 
DO t 


VoL. 12, Marcu 194 


vestigations 


| M. J. TUCKER, B.Sc., 


iY. received 24th October 1960 


‘ 
4 


Abstract 


) 36 ke/s underwater acoustic echo-ranger, fitted to 
XS. * Discovery IT for work on fish detection problems, 
t also proved to be a valuable tool for marine geological 
gestigations. The axis of the acoustic beam is per- 
iedicular to the fore and aft line of the ship and may be 
bated from the horizontal to the downward vertical. 
Wbilization is provided against the roll of the ship. 
sim width and side lobe patterns are adjustable with 
wwimum widths, between 3 de points, of 1-3° in plan and 
4 in elevation (beam axis horizontal). The recorder 
sivides a range of 800 yards and scanning is achieved by 
suming the ship past the features to be investigated. 


i 1. Introduction 


‘4 locating ch and, more recently, horizontal echo- 
=f rangers to examine a larger volume of sea. There has 
o1 considerable discussion concerning the optimum para- 
“ers for such instruments, and the National Institute of 
“anography decided to build experimental equipment to 
“:stigate these. 

“coustic devices of many types have also been used to 
*stigate the sea bed. One of particular interest was an 


Jr (Chesterman 1958). Since this equipment was very 
‘lar to a horizontal fish finder, it was further decided to 
fd the experimental equipment so that it could be used for 
#1 applications. 


2. General principles 


she equipment is fundamentally the same as an ordinary 
s)-sounder; a pulse of sound is sent out into the water 
| echoes from objects in its path are received and recorded 
fi chart or displayed on a cathode-ray tube. The time 
42 between transmission of the pulse and the reception 
yae echo from a given target is a measure of its distance 
91 the transmitter, that is, the range. 

| the recorder, a stylus moves across a chart in a direction 


jpendicular to the chart’s length, starting at one edge at 


sinstant of transmission and marking the chart as the 


Hes are received. The chart moves slowly forward, so 
, each sweep is adjacent to the previous one and visual 
‘elation of the echo patterns is possible. 

/ ius where the transducer beam is pointing sideways from 
ip, the recorder will produce an acoustic map of the sea 
- out to a range corresponding to the maximum travel of 
‘recorder stylus. Also superimposed on the map will be 


w-beam echo-ranger for fishery and geological 


F.Inst.P., and A. R. STUBBS, B.Sc., National Institute of Oceanography, Wormley, Surrey 


from distant objects, and so the receiver gain must be 
arranged to be low immediately after transmission and to 
increase with time as the more distant echoes are received. 
The optimum law for this time-varied-gain, or “T.V.G.’, is 
not the same for all circumstances or for all purposes, and 
it is usually set empirically. It has been found advantageous 
to have a second parallel amplifier whose gain does not vary 
with time. This allows a greater flexibility in adjustment 
of the overall characteristics. 

These parallel amplifiers are shown in the block diagram, 
Fig. 1. It will be seen also that the same transducer is used 
for both transmission and reception. Thus the cost is halved 
at the expense of a very slight reduction in performance (see 


Section 7). 
master pulse power output 
transmission 
generator stage pulse 
YY 


transmission 


trigger = tuning capacitor 
pulse / 
= 1x 
TVG initiation pulse transducer 
echo 
SSS 
recorder 
amplifier | = 
T (time varied }—<« attenustor 
[ gain ) ee eA 
power signals added 
amplitier and rectified 
NI amplifier 2 —_— 
aabias (constant t+ attenuator 
‘ —— 
gain ) 
Fig. 1. Block schematic of system. 


3. Choice of frequency 


The range and acoustic beam widths are controlled, to a 
large extent, by the purpose for which the instrument is 
designed; these in turn largely govern the choice of frequency. 
There are, however, practical limitations and the final choice 
is generally a compromise governed by the following factors: 


(i) For a given width of the sound beam the linear dimen- 
sions of the transducer are inversely proportional to the 
frequency, so that for low frequencies the size and cost 
rise steeply. 

(ii) To get good resolution at long ranges, the beam must be 
narrow, but the length of the transducer is inversely 
proportional to beam width. 

(iii) The higher the frequency the greater the sound absorp- 
tion in water. Thus, the greater the range required, the 
lower the frequency that has to be used. 


)cts (e.g. fish shoals) contained in the volume of water (iv) Echoes from the maximum range must be received 
fe this stretch of sea bed. before the next pulse is sent out. Thus the longer the 
shoes from near objects are much stronger than those range the less frequent the scans. 
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(v) It is an advantage to have a beam sufficiently wide to 
cover a small target for several scans, so as to distinguish 
it from noise or electrical interference. 

The number of scans on a target is also dependent on 
the speed of the ship. If the speed is high the pulse 
repetition rate must also be high, and hence the range 
will be low. Thus, the slower the ship the better the 
coverage of targets. This in turn increases the cost of a 
given survey. 


(vi) 


In the present case it was thought wise to aim at a beam 
width two to three times narrower than any at that time in 
use. This set a beam width of about 1°. It was considered 
that a range of about half a mile would be useful; this gives 
a pulse repetition rate of about one per second and it suggests 
a frequency in the range of 30-50 kc/s. It so happened that a 
large quantity of 36 kc/s magnetostriction elements were 
available and it was decided to make use of these and to 
design the system at this frequency. 


4. The transducer 


For both fishery and geological work, it was required that 
the vertical and horizontal beam patterns should be adjustable; 
the vertical pattern for the variation of side lobe intensity 
and the horizontal pattern for the variation of beam width. 

Thus the transducer is divided into three rows of nine 
sections, each section consisting of thirty-two magneto- 
striction elements. The elements are made from Permalloy 
stampings and are polarized by a permanent magnet. The 
sections are mounted in juxtaposition horizontally, but are 
separated by 1-3cm vertically, giving an active face of 
156cm x 21-5cm. A_ photograph of the transducer 
assembly is shown in Fig. 2. 


Fig. 2. Transducer assembly mounted on the hull of 
R.R.S. Discovery II 


The sections are mounted in a bronze casting and protec- 
tion is provided by a fibreglass window over the active face; 
the whole assembly is free flooding. The casting is mounted 
in trunion bearings held 14 in. from the hull on steel brackets 
bolted to pads welded to the hull 13 ft below the water line. 

The beam axis can be rotated in a plane perpendicular 
to the ship’s fore and aft line from inside the ship by a 
shaft passing through the hull and operating a worm and 
wheel. Electrical stops limit its movements to between 
+25 and —115° (zero being taken as horizontal). It is 
stabilized against roll by a system designed at Birmingham 
University (Tucker ef al. 1959). 

Each section is wound with a single length of polyvinyl 
chloride insulated wire, joined to two cores of a flexible 
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fifty-four core cable, in a ‘pickle-bottle’ type junction bi 
inside the after bearing. The cable leaves this axially andiij 
protected by a hosepipe sleeving and supported by a Sta} 
The multicore cable terminat} 
in a junction box where cross-connections are made || 


tube until it enters the hull. 


i] 
produce the desired beam patterns. 


5.1 Horizontal beam patterns. 


lo 4 


MAX IS 46%, 


OVERALL RELATIVE AMPLITUDE RESPONSE 


HORIZONTAL DEGREES OFF AXIS 


Fig. 3. Horizontal beam pattern (amplitude response). 
Rectangular co-ordinates have been used to illustrate tli 
relative amplitudes of the main beam and side lobes, tli 


{i j 


transmission and reception. As the side lobes are so sma 


horizontal tapering has not been used. ii 


For most purposes such an arrangement has been employe,’ 
but when used in conjunction with the Birmingham U: 


versity electronic scanning equipment (Tucker et al. 1959) o : 


column was used solely for transmission to illuminate } 
sector 12° wide, and the other eight columns for rceptil 
with a beam width of about 1-6°. 

5.2 Vertical beam patterns. Fig. 4 shows diagrammatically! 


_— UPPER SIDE LOBES 


= — 


BOTTOM 


ah \ x ee 
i eal . 
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Fig. 4. Diagrammatic arrangement of vertical beam pattern. |) 


the vertical beam pattern usually adopted. Below the mai 


beam are three side lobes and a beam providing a bottoult 


echo; the side lobes also occur above the main beam ar 
strike the sea surface at short range. When all three rows ¢ 
the transducer have the same sensitivity the main beam 


f 

1) 

5. Acoustic properties i 

When all nine columns }j 

the transducer have the same sensitivity, a minimum bea 

angle of 1-3° between 3 dB points is obtained (see Fig. 4) 
| 


{ 
latter being Jess than 5°% of the main beam for combine HV | 
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about 12° deep, and this will increase to about 40° when oni} 
one row is used. ' 
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le vertical side lobes have been found to be extremely 
/L. Since there will be no bottom-returned echoes between 
|, features appearing in such positions on the record 
\ be in mid-water and can be attributed to fish. These 
{s can then be used to identify fish shoals from bottom 
\res, where these are superimposed. The lobes also 
\de a qualitative picture of the vertical relief of the sea 
| which helps in the interpretation of bottom features 
/Fig. 14). Further, when the transducer is turned so 
jthe first or second side lobes are pointing vertically 
wards, the slope of the sea bed across the ship’s track 
be determined (Tucker, to be published). 

yc geological work it has been found advantageous to 
se the amplitude of the first and third side lobes to 
ja traces of comparable density. This is achieved by 
Jing the sensitivity of the centre row to two-thirds of 
H f the outer rows by a suitable series—parallel arrangement 
9}; sections. The effect of ‘tapering’ can be seen in Fig. 5. 


oa 
° 


Respon se 


‘a 

| 

| 

| 

3 2 

| 90 
3° 

\ Degrees off acoustic axis 

4 san 

th 

co vas 

fl 

| 

| 

0) 6 

it 


-6@ + 


iFig. 5. Vertical beam pattern (amplitude response). 
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@ther sensitivity arrangements are also shown for com- 
'n. By using a 1-2-1 arrangement, the first and third 
}are completely removed. This is useful on surveys for 
the upper-water layers where bottom echoes are not 
ed. (Main beam bottom echoes are removed by 
4 the transducer up so that the lower edge strikes the 
Jor beyond the maximum range of the recorder.) 
i ddition to the three secondary lobes already mentioned, 
‘1s also a small lobe between the second and third lobes. 
43 of such low amplitude that it does not produce any 
3) and is ignored. 
“Tilt angles. To obtain the most efficient use of the 
jwidth, the angle of depression of the beam below the 
intal has been found to be rather critical, and usually 
*) set at a value given by 14° per ten fathoms of water 
1 This puts the centre of the main beam on the sea 
dt about the maximum range of the instrument. For 
Snallow water the angle has to be increased when sea 
1» echoes become severe owing to bad weather. 
‘Slant-range distortion. The range of a target displayed 
‘recorder is, of course, the slant range, which is greater 
me horizontal range, and this produces some distortion 
‘ysea bed picture, especially at short ranges. The mag- 
J of the effect is easily obtained from Fig. 6. 
wEffect of ship’s speed. The number of ‘scans’ on a 
“object will depend on its distance from the ship and 
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TRUE HORIZONTAL 


DISTANCE (yds 


DEPTH OF BOTTOM (1ms) 


Slant range as a function of depth and horizontal 


4 Yh ip 
distance. N = 35( x): 


Fig. 6. 


on the ship’s speed. For any horizontal beam width there 
is a theoretical limit to the ship’s speed to obtain a reasonable 
coverage of the targets to be examined. 

Fig. 7 shows the number of ‘scans’ on a point target for 
various ranges and ship’s speeds (assuming a 1-3° beam 
width). It can be seen that for speeds of eight knots and 
under, all targets beyond about 200 yards range are given 
complete coverage. 


10 


N° OF 
SCANS 
‘ 
4 
2 
Oo 
° 200 400 600 800 
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Fig. 7. The number of ‘scans’ on a point target as a function 


of speed and range. 


6. Electronics 


6.1 Transmission. The length of the pulse required was 
governed largely by the resolution of the recorder, and this 
was such that reduction of the pulse length below about 1 ms 
produced no detectable increase in recorded detail. Shorter 
pulses can be useful when a cathode-ray tube display is used, 
and longer pulses increase the signal-to-noise ratio. Thus 
the pulse was made to have its length adjustable between 0-3 
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Ry = 220kQ Ry = 100kQ Ro = 1 MQ 
R2 = 470kQ Ry3 = 220kQ R23 = 680 kQ 
R35 —22kO Rig = 470 kQ Rog = 220 
Ry, = 100kQ Ris = 47kQ Ros = 680kQ 
Rs = 150kQ Rig = 1 MQ Rog = 220 
Rs = 68kQ Ry = 47kQ Ro7 = 100kQ 
R7 = 22k Ryg = 1 MQ RV; = 500kQ 
Rg = 1:5mMQ Ryo = 100Q RV> = 100kQ 
Ro, Rip = 100kQ Roo = 330kQ 

Ry = 150kQ Ro = 22kQ 


and 3 ms, and to have a maximum repetition rate of two per 
second. 

The circuit of the transmitter is shown in Fig. 8. The pulse 
is initiated when a pair of contacts in the recorder close, but, 
since they tend to ‘bounce’, the first closure is made to 
trigger a long time-constant monostable multivibrator, which 
is then insensitive to further closures for about 0:4s. The 
pulse from this triggers a second monostable multivibrator, 
giving a square positive pulse of adjustable length which 
keys a 36kc/s oscillator whose output passes to the power 
output stage. 

The peak power output is 300 w, but, since the output 
stage does not need to deliver this continuously, the use of 
pulse modulator valves enables a compact design to be 
achieved. Those used in the present equipment are miniature 
valves, capable of passing a peak current of 2-5 A with a 
mean anode voltage of 6kv. A pair of these in class C push— 
pull with an h.t. supply of 1-1 kv gives the required power. 
Similarly, if an adequate reservoir capacitor is used, only a 
low-power e.h.t. rectifier is required. 

The output transformer of the transmitter is also the input 
transformer to the receiver. To prevent dangerously high 
voltage appearing in the cable and the receiver, neon lamps 
shunting the receiver fire during transmission. A series 
100 kQ2 resistor is used as a current limiter. 

6.2 The receiver. The receiver is built in two parts for 
mechanical reasons, and the circuits of these are shown in 
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to 
) transducer 


to 
receiver 


Cc; = 0-001 uF C2 = 8 uF 

C, =0-5 uF C3 = 16 uF 

C3 = 0-001 uF Cig = 0-01 UF 

CG = 0-01 UF 

Cs; =0-l uF 

Cs = 680 pF V1, V2 = 656 

C, =0-01 uF V3 = 12AX7 

Cs = 96 pF V4 = 6BW6 (CV4043) j 
Co, Cio = 0-003 uF Vs, V6 = N339 (CV2231) 
Cy = LF Vi, V3 = LNI (GEC) 


Figs 9 and 10. The first part is a tuned 36 kc/s ampli) 
with a bandwidth of about | kc/s, the gain of which is} 
following transmission and rises with time until the 
transmission. The output of the first stage is split into il 
channels, V11 has a gain which does not vary with t 
V10 has a gain controlled by the voltage on C32. The 
puts of these two valves are recombined in a common a 
load, further amplified by V13 and fed to the second 
of the receiver. 

The time-controlled gain is initiated by the closure of 
transmission contacts on the recorder. At this instant 
high-speed relay P releases and the contact Pl caus# 
negative charge to be put on C32, which reduces the gail 
the variable-mu pentode V10. The gain recovers as) 
charge leaks away through RV4. 

The variation of gain with time is thus governed by 
controls: the gain controls of the two channels and{l. 
settings of RV3 and RV4. In practice, RV3 and RV4 | 
set so that, roughly speaking, switch SW2 controls }/) 
density of the marking on the close-range portions of 
record, and switch SW1 controls the density of markiny| 
the long-range parts of the record. A graph of the variall 
of gain with time at typical settings is shown in Fig. 11. 

It is very convenient to have reference marks onf 
record, either as time marks or for correlating features 
other recorders. Relay MR performs this function and 
be operated by a push-button on the panel or remotel 
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Fig. 10. Circuit diagram of recorder output unit. 
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39 = 2u 


12, Marcu 1961 107 BRITISH JOURNAL OF APPLIED PHYSICS 


NARROW-BEAM ECHO-RANGER FOR FISHERY AND GEOLOGICAL INVESTIGATIONS 


short-circuiting the remote marker leads. Closure of the 
MRI contact connects positive feedback round the circuit, 
including V11 and V13, which then oscillate to produce a 
black line on the record. Relay ME enables simultaneous 
marks to be put on any other equipment. 

The second part of the receiver circuit is arranged to add a 


a 
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Gain relative to initial value (db) 


| 
i 
fe) = ee J! | 
1°) O25 os O75 ! 
Time (s) 
° 200 400 600 800 
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Fig. 11. Graph showing a typical variation of amplifier gain 


with time following transmission. 


bias to the signal and then amplify it to mark the recorder 
chart. The 36kc/s signal is rectified, the d.c. bias added 
through RV5, remodulated at 10kc/s, amplified, rectified 
and fed to the recorder. The purpose of the biasing is 
described in the next section. 

6.3 The recorder. This is a slightly modified D-611-A 
Mufax picture receiver (by Muirhead and Co. Ltd.) with an 
11 in. wide chart. The stylus is a platinum alloy wire wound 
as a one-turn helix on a drum. The helix is driven by a 
synchronous motor controlled by a tuning fork, precise 
control of speed being necessary to avoid distortion of the 
picture. The transmission pulse is initiated by a micro- 
switch operated by a cam on the end of the helix-drum 
driving shaft. 

The chart passes between the helix and a knife-edge 
parallel to the axis of the drum, so that the point of contact 
moves along the knife-edge as the drum rotates. For the 
present requirement the chart is driven so that there are 
fifty scans per inch, at which speed individual scans can just 
be resolved but a coherent picture is produced. The resolving 
power of the recorder is between 0-01 and 0-02 in., which at 
one scan per second is equivalent to between 1 and 2 ms, or 
5-10 ft in range. 

The biasing carried out in the recorder output unit is 
required because of the characteristics of the wet electrolytic 
recorder paper. Passing a current through the stylus elec- 
trolyses the solution impregnating the paper and, at the 
same time, releases some iron from the stylus blade. A 
chemical reaction takes place, which then produces a black 
mark on the paper. 

About 6v are required before any noticeable colour is 
produced, and about 20 v produces full blackness. Thus in 
photographic terms, the paper is ‘hard’ and detail is lost. To 
‘soften’ it, a bias is required and it has been found that the 
method used to introduce it, though apparently complicated, 
is the most satisfactory. 
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7. Sensitivity, noise and calibration \ 


The sensitivity of the system is limited by noise. Cov 
siderable difficulty was experienced due to interference fra] 
the ship’s generators. The transducer is closely coupled | 
the sea, both capacitatively through the windings, which ag} 
surrounded by sea water, and through a certain amount ] 
resistive leakage. The best results were obtained by leavi i) 
the transducer circuit floating with respect to earth, it bein|) 
isolated from the electronics by the input transformer, a 
connecting the electronics to an earthing bolt on the h 
by a short thick wire. 

Owing to the high cost of the transducer, the same one 
used for both transmission and reception; this has a negligit 
effect on the performance, lowering the signal-to-noise rat, 
by about 1 dsp compared with the use of two transducers. 

With the ship under way, the limiting noise was then dijjj 
to air bubbles passing the transducer face. This depends 
very much on ship’s speed and weather conditions. In god 
conditions a signal of 1 jzv at the transducer terminals cout 
be detected above noise (transducer impedance 9 + 25j/ 
This corresponds to the detection of a perfectly reflectiz 
sphere with a radius of 10cm at a range of 500 m. 

Under bad conditions, noise could be 15 dB worse tha 
this and, in addition, the aeration in the water increased tT 
attenuation enormously. 


— 


It is usually impossible to obtay 
satisfactory results in winds of over 25 knots. 

The calibration of the transducer was performed 
measuring the echo strengths from targets of known acoust 
cross section, and by measuring the electrical impedance |}} 
various frequencies both in air and in water. The two methos 
agreed within about 25°%, which is satisfactory consideri 
the uncertainties involved. 


8. Interpretation of records 


Figures 12—15 are typical records, each 800 yards wide a 
about two to three miles long; the transmission mark co 
sponding to zero range is on the left-hand side. Inte 
pretation of the records should be made in conjunction wi 
Fig. 4. 

The first series of echoes are from the sea surface, producdd} 


by the upper side lobes, and are displayed quite close to tlh 
Ignoring mid-water echoes, the nei! 
echo to arrive is that from the sea bed directly under the shi Hi 
Though the transducer is very insensitive in this directioj 
the reflecting power of the sea bed at normal incidence 
appears as a hard line on the record. ! 
This is followed quickly in time by echoes from the thiil!) 
and first side lobes. All these echoes are quite strong, sin 
they come from shorter ranges and the beams have a large . 
from the sea bed illuminated by the main beam. These i 
be displayed across the record at ranges depending on i 
are, in effect, acoustic charts of the sea bed with mid-watl i 
echoes from fish shoals, etc., superimposed. . 
being produced by a variety of causes. The chart width | 
800 yards, but this is the slant distance to any target at thil 
with depth. This is, of course, true for all points on 
record, the distortion being greater as the range decreases (: 


transmission mark. 
| 
high enough to produce a reasonably strong echo, whiddl 
side lobe, then at wider intervals by echoes from the seco 
angle of incidence to the sea bed. Finally, echoes are received!) 
depth of water and the tilt of the transducer. The recor# 
These ‘charts’ are not true to scale, however, | 
range. The distortion is small in shallow water but increas | 
Section 5.4). The chart is also compressed along its leng# 
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\mpared with its width, typically by about 3 to 1. This 


tio will depend on the ship’s speed and the chart speed. 


.A further correction has to be applied when the ship’s 
)ading does not agree with the course made good over the 
jound, owing to strong wind or water movements. Under 
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these conditions the beam will not be perpendicular to the 
ship’s track. In general, this is not a serious effect, but is of 
importance when detailed surveys are carried out on exposed 
coasts or in areas with strong tidal streams. The effect pro- 
duced by the roll motion of the ship when the transducer is 


| Fig. 12. Record showing fish concentration over a flat sandy 


sea floor. Transducer unstabilized and no time-varied-gain. 


‘lig. 13. Record showing a large stratified slate formation. 
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Fig. 14. Record showing a large area of stratified rock layers. 
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unstabilized is indicated by the saw-tooth patterns of Fig. 12. 
This is removed almost completely by the roll stabilization 
system, as shown in the subsequent figures. Distortion also 
occurs due to the ship pitching, yawing and heaving, but these 
are second-order effects and are usually ignored. 

Figure 12 shows a record having fish shoals over a flat sandy 
sea bed. The main concentration is obviously in mid-water, 
since the nearest echoes are received before the bottom echo. 
Small strong echoes towards the bottom of the record, 
appearing between the side lobe echoes, are also fish in mid- 
water, detected by the main beam. These cannot be bottom 
echoes since the side lobes are ineffective at these points on 
the sea bed. At shorter ranges fish in the main beam give 
strong echoes relative to the reverberation from the sea bed 
in the side lobes; at greater distances the sea bed is also in 
the main beam and fish shoals do not stand out so well. 

The picturesque echo patterns in the centre of Fig. 13 are 
produced by a large stratified slate formation, which has been 
fractured and tilted. The dark lines are produced by slate 
edges facing the transducer and the white patches and lines 
are shadow zones behind these edges. The bottom profile 
shows the slate to be protruding from a fairly flat sea floor, 
which is probably composed of sand. The pattern of dashes 
on the right-hand side of the record is interference from an 
echo-sounder. 

Layers of stratified rock are exhibited in Fig. 14, where 
there are also distinct fault lines. The beds of rock dip at a 
few degrees below the horizontal towards the right-hand 
side of the record. The Jarge white areas are shadow zones 
behind the rock layers. Some of the echoes, appearing close 
to the bottom echo and displayed across the side lobes, are 
probably from fish, but the majority are from a confused sea 
surface due to bad weather. 


A complex sand-wave area is depicted in Fig. 15. The 


Fig. 15: 


Record showing a complex sand-wave area. 
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gentle slopes of the widely spaced sand waves are toward |)) 
transducer, the crests are about 40-100 yards apart. Sug} 
imposed on these are smaller sand waves of about 5-10 ya} 
separation. The vertical height of the bigger sand wave 
not very large, probably not greater than 10 ft; this is inj] 
cated by the bottom profile. The darkened portion betw, 
the transmission and the bottom profile is caused by ec 
from a confused sea surface due to bad weather; interfere}| 
from an echo-sounder is again evident at the farthest ran; 
Interesting records have also been obtained from a var} 
of objects; these have included waves, ships’ wakes, wreq 
cables, piers and porpoises. The latter, in addition} 
providing an echo in the usual manner, also emit pulseg 
high-frequency sound, which, being detected by the transdug 
are displayed randomly as noise across the record. 


9. Applications 


The most extensive use of the instrument up to the preg 
time has been for studying the geology of the sea bed, bj 
for purely geological purposes (Stride 1959, 1961) and 
studying the relationship of fish shoals with their hab 
(Stubbs and Lawrie, to be published). It has been used 
conjunction with other equipment by Harden Jones ( 
cussion on Tucker 1960) to study the movement of ({ 
relative to tidal streams. Trials have been made to evalu 
its potentialities for charting fish distribution. 

When turned vertically downwards it forms a powei 
tool for studying the sound-scattering layers in the ¢ 
since owing to its high resolution, it gives a great deal mj) 
information than a wide-beam sounder. For example, s 
layers which appear to be continuous on an ordinary soun! 
are resolved into individuals, or sometimes into small gro 
of scatterers. Preliminary attempts to correlate the rece 
obtained with the net hauls have had limited success, howe% 

In some circumstances, the high resolution obtained w: 
used as a vertical sounder can be useful for studying 
topography of the sea bed, but the range is too short 
most deep-sea work. 

The limiting factors for all applications are water na 
and aeration produced at high speed or during bad weatl 
A towed transducer would tend to overcome these, but 
problem of roll stability in this case would call for car t 
design. The use of side lobes has been shown to be ad { 
tageous and future equipment may benefit by increasing tl} 
number. 
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| lts are given for surfaces of roughness 3 x in., 115 pin. 
ganodized aluminium within the wavelength range | to 
i. The spectral emissivity varied strongly with sur- 
4) roughness and oxidation, but only slightly with tem- 
Yture. Typical values at wavelengths 2 and 8 pu 
f2ctively were 0:09 and 0-04 for polished, 0:30 and 

- for roughened, 0-30 and 0:20 for anodized alu- 
; m. Natural oxidation slightly increased the spectral 
‘sivity at all wavelengths below 9 and had a marked 
it between 10 and 12. An anodic oxide film 
-ased the spectral emissivity beyond 10 to greater 
0:70. The significance of these variations to 
ition pyrometry is briefly discussed. 


Abstract 


1. Introduction 


-N accurate method of measuring the temperature of 
, aluminium and its alloys during hot working 
(400-550° c) would be of considerable industrial 
mrtance. Thermocouple contact pyrometers have a low 
i of response (8 to 20s), cannot generally be applied to 
‘ily moving surfaces and some designs damage the 
fice finish. Radiation pyrometers have the advantages of 
#| response (5 to 10~4s) and of not requiring contact 
4 the specimen, but the disadvantages that their output 
nds upon both the temperature and emissivity of the 
men. Corrections for the emissivity may be applied by 
gration against a specimen of similar emissivity, by 
3 methods of increasing the effective emissivity of the 
amen (Harmer and Watts 1955, Land and Barber 1954), 
2* assuming a known variation of spectral emissivity with 
alength and using two- (Gibson 1951) or three-colour 
fidon and Newkirk 1959) pyrometers. With the excep- 
of two- and three-colour pyrometers, instruments 
floying these methods of emissivity correction and suitable 
his temperature range are commercially available. With 
ils of low and variable emissivity, such as aluminium, it 
jential to know the variation of spectral emissivity with 
slength before the most suitable method of emissivity 
ction can be selected. 


2. Experimental method 


Ye spectral emissivity was determined directly at known 
Hengths by comparing the radiation emitted from an 
nium specimen with that from a black-body source at 
‘ume temperature. The specimen A, Fig. 1, was a thin- 
id cylinder of length 5-5 cm, diameter 1-2 cm, and wall 
) ess 0-003 cm, which was directly heated by a current- 
10-150 A. Radiation emerging through the rect- 
‘lar slit S, 0-l1cm x 1-2cm, approximated to black 
radiation at the same temperature as the external 
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surface of the tube. At C the specimen was clamped to 
cylindrica] steel terminals T, each heated by a subsidiary 
winding H. The temperature distribution within the black- 
body cavity could be explored with a thermocouple Th, and 
the subsidiary heaters adjusted to compensate for end- 
cooling of the specimen. The temperature variation over 
the central 3 cm of the specimen did not exceed +1 deg c. 
Figure 2 shows the general arrangement of the apparatus. 
The specimen was exposed to the atmosphere and surrounded 


H 


SS 


ASS 


H 


Fig. 1. Specimen and mount. 

by a water-cooled jacket J, which contained an aperture 
through which the specimen could be examined. The 
internal surface of this water jacket was blackened. Radia- 
tion from the specimen was condensed upon the entrance 
slit of a monochromator (Hilger type D246) containing a 
rock-salt prism. The incident radiation was chopped at 10 c/s 
by rotating blades B and, after dispersion, focused upon a 
Golay detector G (Unicam). A beam-switching mirror M 
enabled the radiation from either the black-body slits, the 
aluminium surface adjacent to the slit or a zero reference 
black-body Z in the same optical plane as the specimen, 
to be selected. The zero reference black-body was water- 
cooled and contained a blackened cavity 2:0cm x 1-2cm 
with slit 0-1 cm x 1-2 cm to match the cavity in the specimen. 
Its function will be described later. 


3. Principle 


Let T,, Ty, Ty and T, be the absolute temperatures of the 
specimen, detector, water jacket and zero reference black- 
body respectively, and F,, Ey, E,, and E, be the energy flux 
radiated by a black-body at these temperatures per unit 
area at wavelength A for a wavelength interval dA. The 
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spectral emissivity of the aluminium at wavelength A and 
temperature 7, is «,. The detector, water jacket and zero 
reference black-body are assumed to have a_ spectral 
emissivity equal to unity. 


Fig. 2. Optical system. 


Neglecting multiple reflection, the energy flux W, sensed 
by the detector when sighted upon the aluminium is given by 


Wo=i(ky Eo + = oe = Egy Xd (1) 


where ¢ is a geometrical factor. The first term represents 
the direct energy exchange between aluminium and detector. 
The second term allows for radiation from the surrounding 
water jacket which reaches the detector after reflection from 
the aluminium, and X is the radiation from the chopper 
blades. For measurements at high temperatures with speci- 
mens of high emissivity the last two terms are insignificant 
compared with the first and E, > Ey. Eqn (1) then reduces 
to 


oe Eo. (2) 


Sighting upon the heated black-body source, the energy flux 
collected by the detector becomes 


W, = (Ey — Ey) + X}¢. 6) 
At high temperature this reduces to 
W, = EO. (4) 


Thus at high temperature or with specimens of high 
emissivity, €, can be determined simply from the ratio W,,/ W,,. 
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The spectral emissivity of polished aluminium at 
lengths greater than 6 pz lies between 0-03 and 0:06. A 
temperatures the terms (1 — «,)(E, — £,) and X in Ea} 
become significant. For example, when 7, = 200° c, A 
and «, ~ 0-03, a 1 deg c change in Ty, the temperaty)) 
the water jacket, altered W, by 4%; W,, was constant. | 
value of «, determined from the ratio W,/W, then 
with the temperature of the water jacket, detector 
chopper blades. To eliminate this unwanted radiaty 
was necessary to measure a difference signal. A zero refé 
black-body was used. The energy flux sensed by the de#j} 
from this source is given by | 


W, = ((E, — Ey) + X}¢. 


When T,, = 7,, the signals W, — W, and Wi, — Wa 
to 
W, S W, — e(E, ed E,)¢ 


and W, — W, =(E, — Ed 


and ¢, can be determined from their ratio. 


4. Accuracy and reproducibility 


To ensure that the reflected radiation arose entirely; 
the water jacket, and not from room temperature rad 
specularly reflected through the aperture in the water ji( 
it was necessary to collect radiation at about 15° froti 
normal to the specimen surface. At 200° c, when A ili 
a 1 deg c change in 7,, then altered g by 1%. Recest) 
has been found that the inner surface of the water jacki ! 
not perfectly black. When this was remedied a 10} 
change in 7, altered «, by 2%. The actual value 
(and T7,) during these experiments was (19 + 2) °c. 

With roughened or anodized aluminium, when e, > 
the errors due to stray signals were negligible. 

At any given temperature, values of the spectral emi 
for a given area of each specimen were reproducible * 
+2°% near the peak of the emission curve and within 
at the short and Jong wavelength limits. In additic 
spectral emissivity varied over the surface of each spel’ 
due to small variations in surface finish. At 3-5 | 
variation was about +2% for all specimens. The cale 
efficiency of the heated black-body was 97-5 °% (De Vos } 

The estimated accuracy over the wavelength range 2 ti 
was + 20% for polished aluminium and +10% for roug} 
or oxidized aluminium. Outside this range the accura¢ 
lower. 


ul 


+ | 


5. Preparation of specimens 


The specimens were formed from extruded co 
purity aluminium containing the following impuritie#| 
0-11%; Si, 0-11%; Cu, 0:01%; Mg, 0:01%; Mn, M 
Zn, <0-01%. Three different surface finishes were si: 
(i) high polished, (ii) roughened, and (iii) anodized.) 
natural surface of the extruded tube was smooth and 
polish was obtained using Carnu (by S. C. Johnso 
polish on Selvyt cloth. The surface roughness was i} 
(centre line average (c.l.a.), sampling length 0-01 in.)!)} 
rough aluminium tube had a surface roughness 11 i 
c.la. (sampling length 0-03 in.) and was_ prepar 
mounting the tube on a mandrel and knurling its sl) 
with grade 180 silicon carbide paper attached to a rd 
wheel. This produced an imprint of the silicon al 
paper on the aluminium. After washing there 
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snce of embedded silicon carbide when the specimen 


-examined with a low-power (30) microscope. To 


are the anodized surface, a specimen was anodized for 
in at 1 A/dm? in a bath of 4N analar sulphuric acid 
4 was maintained at 20° c and vigorously agitated, and 
jfinally sealed for 30 min in boiling distilled water. The 
iness of the anodic film was determined by a micro- 


po and found to be 0-0001 in. 


i 
! 6. Experimental results 

jzure 3 shows the variation of spectral emissivity with 
jlength for the polished tube as determined using Eqns (6) 
?). The tube was maintained at 194° c for 15 h, 326° c 


13 
| ee, 326+4°C 

4) | 0 ere se 42444°C 
| : — 532+a°c 
| Vil atte eee ee + 32644°C REPEATED 
| eo AFTER HEATING 
09 iN TO’ §32 °c 
Noe 


6 10 
WAVELENGTH (JL) 


3. Spectral emissivity of polished aluminium plotted 
against wavelength. 


temperature was reduced to 326° c and the spectral 
¥vity redetermined. As the specimen temperature 
}sed the thickness of the natural oxide film also increased, 
s peak appeared between 10:5 and 11:0. This was 
© pronounced after the specimen had been heated to a 
> temperature, but oxidation increased the spectral 
Wvity at all wavelengths. The increase in spectral 
Yvity with temperature was primarily due to the growth 


4ube was heated for 25h at 189° c, 22h at 325° c, 27h 
~°c, and 17h at 514° c. The temperature was then 
3d to 192° c and further results obtained. Roughening 
“iecimen strongly increased the spectral emissivity at all 
Hengths and emphasized the peak value between 10-5 
1-0. Subsidiary peaks appeared around 8-5 and 
) as oxidation proceeded. After prolonged heating at a 
w temperature the spectral emissivity at 192°C was 
erably increased at wavelengths beyond 10 p. 


1a at 8-5, 10-5 and 11-0 must be due to an oxide 
f Additional maxima occur at 2:7 and 4-7 uw which 
‘not observed on naturally oxidized specimens. The 
dice of heating for the anodized tube was 15 h at 183° c 
wh at 302° c. 
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7. Comparison with results of previous work 


The optical properties of anodized aluminium oxide films 
stripped from their metallic base have been studied by 
Harris (1955), who found strong absorption beyond 11 yu 
for films as thin as 250A. Hase (1932) determined the 
spectral emissivity of 99-6°% aluminium at 300, 400, 500 and 
600° c over the wavelength range | to 9 w and the effect of 
surface finish and oxidation. His results showed that the 
spectral emissivity of polished aluminium varied irregularly 
with wavelength and temperature between 0-07 and 0-11, 
except below 2-54 when the emissivity increased rapidly 
with decreasing wavelength. Roughening the aluminium 


0-40 


0:36 
—x—x—x— a9 *5°% 
+--+ 326 +4°% 
ey tp ioe Bek) . 
! . 
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Fig. 4. Spectral emissivity of roughened aluminium plotted 
against wavelength. 
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against wavelength. 
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surface strongly increased the spectral emissivity; values as 
high as 0-7 were obtained at 2 w decreasing to 0-42 at 8 pw. 
For heavily oxidized surfaces peak values occurred at approxi- 
mately 2, 3,6 and 9. More recently, Weber (1959) investi- 
gated the spectral emissivity of aluminium alloys type 24ST 
(nominal composition Cu 4:5%, Mn 0:6%, and Mg 1:5%) 
and 76ST (Cu 1:6%, Mn 0:2%, Mg 2:5%, Zn 5:6% and 
Cr 0:3°%) between 30 and 110° c for wavelengths 7 to 15 p. 
The spectral emissivity did not exceed 0:05 for smooth samples 
selected from stock. These results agree qualitatively with 
the present work. 


8. Conclusion 


The spectral emissivity of commercial purity aluminium at 
temperatures between 200 and 540° c and wavelengths 2 to 
15 yw varies considerably with wavelength, surface roughness 
and state of oxidation. Roughening the surface increases 
the spectral emissivity at all wavelengths, whereas oxidation 
tends to increase the spectral emissivity at selected wave- 
lengths. The latter effect is particularly marked at wave- 
lengths beyond 10 pz. 


9. Application to radiation pyrometry 


These results indicate that, even if calibrated against an 
aluminium surface, a radiation pyrometer may be subject to 
large errors due to variations in emissivity. These errors will 
depend upon the range of wavelengths accepted by the 
detector. For example, a total radiation pyrometer sensitive 
beyond 9 yw will be more liable to errors due to variations in 
surface roughness and oxidation than a pyrometer only 
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sensitive below 9p. At temperatures below about 300%)) 
pyrometer sensitive beyond 6 « may also respond to Vay 
tions in ambient radiation reflected from the alumin) 
surface whenever the spectral emissivity is low. Sincey 
spectral emissivity of aluminium is not independent of 


t 


wavelength the condition for the use of a two-colour pj} 
meter cannot be satisfied. For a three-colour pyrometey, 
spectral emissivity must vary linearly with wavelength; afi) 
this requirement is not fulfilled by aluminium. The ai 
native methods, which increase the effective emissivity 0 i 
specimen and decrease the relative variations in effeq 
emissivity with surface condition, either by using method 
multiple reflection (Land and Barber 1954) or by emplo 
detectors such as the lead sulphide cell (Harmer and 
1955) appear more promising and will be discussed elsewh} 


References 


BRENDON, B. B., and Newkirk, H. W., 1959, Unclassij 
report HW-60678, UC-37, Instruments, ing 
Hanford Atomic Products Operations). 


De Vos, J. C., 1954, Physica, 20, 669. 
Gisson, A. F., 1951, J. Sci. Instrum., 28, 153. 


Harmer, J. D., and Watts, B. N., 1955, J. Sci. Instrum.) 
167. 


Harris, L., 1955, J. Opt. Soc. Amer., 45, 27. 
HAsE, R., 1932, Z. Tech. Phys., 13, 145. 


LAND, T., and BARBER, R., 1954, J. Soc. Glass Technol. 
45. 


WEBER, D., 1959, J. Opt. Soc. Amer., 49, 815. 


\ 


is, 
i 
i 
” 
{ 


Abstract 


\ temperature of a thin metal foil illuminated by the 
| intensity electron beam of the modern microscope 
‘at the centre of illumination reach a temperature 
ie that of the melting point of iron. An attempt has 
| made to measure and calculate the temperature 
yibution for any given metal under various illumination 
Vitions and to determine also the stress fields produced 
1e foil by such temperature distribution. 


fections in metals has, in recent years, been mainly 
| carried out using electron microscopy. In this 
nique foils are prepared having a thickness between 
») and 4000 A (Carrington et al. 1960) and are examined 
jiagnifications of the order of X10, using electrons 
jerated by voltages up to 100kv. The specimens are 
#irradiated by an intense electron beam which, as will be 
‘n, can raise the temperature considerably. This, 
jher with the ensuing thermal stresses can produce large 
7s (Whelan 1957) superimposed on the relatively precise 
)aal and mechanical treatments given to the specimens 
to examination. 

sie heat generated in the specimen is proportional to the 
ent electron current distribution which was determined 
s imentally, on a relative scale, for a Siemens Elmiskop I 
scope. With this instrument the size of the irradiated 
#/ and consequently the heat input, can be varied using 
‘rst and second condenser lenses. The microscope was 
dited with an accelerating voltage of 100 kv, with a beam 
: ‘ot of 5 wa at a magnification of 4600, the filament 
ige being kept constant at 2-7 v and a 30 uw condenser 
ure being inserted to reduce the illumination to a 
ig geable level. A characteristic curve for Ilford special 
on contrasty plates was determined for this voltage by 
“metering exposures of different duration, precautions 
& taken to allow for changes in the beam intensity 
dg the experiment. Constant time exposures were then 
4 of the illumination for the whole available range of 
*st condenser current. In each case the second condenser 
4ocused to give minimum irradiated area. It was neces- 
‘to adjust the condenser traverse and gun centring 
ols to give maximum brightness and, as before, to allow 
ift in the beam intensity. Using the characteristic curve 
t.etermined it was found that the intensity distributions 
#symmetrical about the beam axis and could be repre- 
W1 by the Gaussian relation I(r) = Jy exp { — (r/a)’}, 
sr is the distance from the beam axis, a is a measure 
’ extent of the irradiated area, determined by the currents 
condenser lenses, and Jp is the peak intensity. It was 
i) that J) was constant within the experimental error of 
‘ +5% as has been found by the Siemens Laboratories 
(£, private communication). 


Jie observation of dislocations and other imper- 
i 
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Direct measurement of the temperature rise produced in 
the specimen by the absorption of the electron beam does 
not seem possible because of the small size of the irradiated 
volume (between 10~!7 and 10~? cm3). Instead, the tem- 
perature was calculated as a function of the parameter a, 
with a constant of proportionality determined by observing 
the values of a at which known physical changes occur in 
various materials. In the microscope the specimen foils are 
laid on to a copper grid, but they are not closely in contact 
with it in any predetermined way. As determined experi- 
mentally the electron irradiation of the foil is circularily sym- 
metrical, but it is not necessarily centrally situated with 
respect to any one of the square grid frames. Thus, in view 
of the considerable complexity of the situation, it was thought 
advisable to replace it by a simplified model which is reason- 
ably close to it. 

In this model it is assumed that the foil is bounded by a 
circular conductor of infinite conductivity held at a fixed 
temperature Ty), and that the irradiation intensity is sym- 
metrical about the boundary centre. The rate of generation 
of heat per unit volume H(r) is assumed to be independent 
of the depth of penetration of the electron beam, and is thus 
solely a function of the distance r from the centre of the beam. 
The temperature 7 in the foil is thus only a function of r, 
and is determined by the solution of the two-dimensional 
heat conduction equation, which for this problem is of the 
form: 


il @ 
r dr 


ae 1 2a 
Ge ) + HO = 70 — To) (1) 


where & is the thermal conductivity, o is Stefan’s constant 
and d is the thickness of the foil. Von Borries and Glaser 
(1943) have calculated solutions of this equation for the 
special case when H(r) is constant and the conductivity is 
small, whereas Whelan et al. (1957) have assumed that T(r) 
is Gaussian. For metal foils, however, the heat conducted 
from the irradiated area is, within limits to be determined 
later, much larger than that radiated. So if the radiation is 
ignored and H(r) is taken to be proportional to the experi- 
mentally determined /(r), then the temperature will be given 


by 
TO STs Met if (y} 


“(] 6 


where Tp is the temperature of the peripheral conductor of 
radius b, Ho is the maximum heat flux and the Ei functions 
are standard exponential integrals (Jahnke and Emde 1945). 
For convenience the temperature across the foil is shown in 
Fig. 1 as the variation of the function (4k/Hoa*){T(r) — To}. 
The full and dotted lines correspond to a heat input described 
respectively by a Gaussian function and a pulse function of 
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height Hy and width 2a. It is evident that the maximum 
temperature 7,, occurs at r = 0 and it is given by 


Hoa’ b 2 ‘ b 2 

in (7) (nae 
4k E PONG Ee a 2 
y being Euler’s constant. From this relation it would appear 
that the temperature becomes infinite when the boundary 


radius is infinite, independent of the area irradiated. How- 
ever, this anomaly is removed in the complete time-dependent 


12.5, : 7 


3: 
w 


w 
fe) 


C4k/Hoa2d{T (r)- To} 


Ji 
0-50 O7s 1:00 
Distance from beam axis Uifs 


Fig. 1. 
Curve 1, a/b = 0-01; curve 2, a/b = 0-05; curve 3, a/b = 0:25. 


Temperature distribution in the foils. 


solution, since for that case an equilibrium temperature 
distribution is not established. 

The error involved in neglecting the radiation was estimated 
by calculating the ratio of the heat radiated Hp to the heat 
conducted He for a temperature distribution determined 
solely by the conductivity. Taking for convenience the pulse 
heat input function, the error will be given approximately by 


Hp _ o{l + In (b/a)?} 
He Guan) 


This ratio decreases rapidly with decreasing b/a but does not 
depend sensitively on 7,, — Tp. For extreme values, i.e. for 
an iron foil with a = 10-3cm, b = 0-5 mm, d = 10-5 cm, 
Tm — To = 1000 deg c, Hp/He = 0-1. In general, however, 
Hg/Hc = O(10~7) so that the conductivity approximation is 
justified. 

In order to determine experimentally the relation between 
the maximum temperature and the size of the irradiated area, 
foils of iron, tin, copper and gold were mounted on the 
Siemens Stereoholder in the following ways: between a 
200 mesh (70 4) copper grid and the normal cooling ring; 
between two such grids superimposed; and using the cooling 


b 
ke To)rdr. (4) 
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ring only. Observations on annealed iron foils about 300) 
thick showed that the «—y transformation, occurring), 
910° c, could be produced consistently at the same bg) 
diameter (17 4), accelerating voltage (105 v), condem 
aperture (600 4.) and beam current (50 pA) when they w 
mounted using either one grid or none. The transforma 
appears as a nucleation of regions having an oriental) 
different to that of the matrix. The dislocation densi : 
the matrix was observed to be very small, confirming that i 
sample was in the annealed condition, and the obser 


nucleation is therefore the «-y transformation. The tra 
formation could not be produced when the foil was moun 
between two grids and this is evidently due to better the 

contact and hence greater heat conductivity. These res 
apply to regions well removed from the edge of the fqj 
For regions near the edge, the «—y transformation couldif} 
produced with a beam diameter of only 11 p (i.e. about | 

the heat input) for the one grid and no grid mounting a i 
ditions. This is presumably due to the asymmetrical | Y 
conduction. Occasionally it was possible to melt the edy 
of iron foils, but this was never so with copper and g 
which have much higher thermal conductivities. Less aj 
sistent results were obtained with the melting of tin Al 
(m.p. 232° c) when mounted on one grid, which occurrai 
beam diameters between 5 and 9 x. This inconsistency t 
ascribed to non-uniform thickness and oxidation. Furfi} 
observations made on iron-carbon foils showed that | 
solution of cementite lamellae took place when the bay 


diameter was between 15 and 17:4. Considering all 
results, it was decided to use the temperatures found 
the pure iron foils to determine Hp. Using this value 
curve represented by Eqn (2) is shown plotted in Fig 
together with experimental results obtained for solutio 
cementite and melting of tin. Since these results refe 
specimens having effective thermal contact only with 
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jing ring, b was taken to be its inside radius: 0:50 mm. 
» value of Ho is given also by the relation Hy = €lpv/d, 
ire v is the accelerating voltage and « is the fraction of the 
yron energy absorbed. Comparing the two values of Hp, 
an be determined, and taking d=3 x 10~5cm and 
10° v: « ~ 0-10/Jg. The value of «€ can also be estimated 
» the Thomson—Whiddington law (Zworykin et al. 1945), 
vh in these circumstances leads to a value of about 
=.10 7. This implies that Jp ~ 8.0 A/cm”, a figure 
sparable with the data in the revised handbook for the 
jument (Wolff, private communication). 

convenient minimum beam radius for most work with 
jil foils is a~ 2. From Fig. 2 it is evident that the 
jimum rise in temperature of an iron foil when examined 
110 kv, 60 «2A with a 600 yw condenser aperture is 70 deg c. 
) curve may also be applied to other metals by applying 
Wjppropriate thermal conductivity factor. Thus the maxi- 
#1 rise in temperature of a similar aluminium foil under 
i; conditions would be about 30 deg c, and for gold about 
sg c. Silcox and Whelan (1960) have deduced that under 
‘ar experimental conditions the temperature rise in 
Jinium is less than about 15 deg c. 

om the temperature distributions and maximum tem- 
sures it is now possible to calculate the stress distribution. 
simplicity it was assumed that the foils did not buckle. 
z normal elasticity methods (Timoshenko and Goodier 
i), the principal stresses were calculated for a Gaussian 
4 nput and for two boundary conditions. the foil anchored 
i, periphery and not anchored. The values for these two 
sitions are similar. Taking the first more realistic case 


did cee are given by 
eye sae) 


+in(- a (*) ie 4E ] 
a : a “(1 alk ex { nih), (5) 
{3c 


x att | _ gs Ei{ ~ (°) 
( 


jan(y- +(2)|1-e0{-€ y} 
| -a¢ a ~»{-(}])} (6) 


i) « is the coefficient of linear expansion, E is Young’s 
‘lus and v is Poisson’s ratio. The shear stresses S are 
‘4soe9 and 4(c,, — oes) and curves of greatest shear stress 
mcalculated for a/b = 0-01, and 0-05 and 0-25 and are 
£ in Fig. 3. The maximum shear stress occurs when r = 0 
W given by 40,, = 400 = 4aE(T, — To). Inserting the 
4; of E and « for iron, with T,, — Ty = 70 deg c, the 
num shear stress is about 4°5 kg/mm2. It was found 
slunder these conditions dislocations could rarely be 
#1, which is in agreement with the known value of 
®ictional shear stress of about 5 kg/mm? (Allen ef al. 
1 since buckling would somewhat reduce the thermally 
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induced stress. For aluminium examined under the same 
conditions the temperature rise would be about 30 degc 
and the induced stress about 1-3kg/mm?. In this case 
the frictional stress including surface traction was found 
to be of the order } kg/mm? and the electron beam would 


Distance trom beam axis Ty 
° 0-25 O:s O7S 10 


ClOk/w EHoa2 S$ 


Variation of maximum shear stress. 


Fig. 3. 
Curve 1, a/b = 0-01; curve 2, a/b = 0-05; curve 3, a/b = 0:25. 


be sufficiently intense to change the dislocation arrangements 
completely. From Eqn (2) it appears that 7,, — To, and 
consequently the maximum shear stress, would be reduced 
by a factor of about 2 if the effective value of b is decreased 
from 5 x 10-2 to 3 x 10-3 mm by using two superimposed 
grids. 
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Abstract 


A study has been made of the frictional properties of 
lignum vitae, an extremely hard wood which finds an 
important application in underwater bearings. In the dry 
state, the friction of this material is comparable with that 
of P.T.F.E. and experiments show that this is due to the 
lubricating action of woodwaxes expressed from the wood 
during sliding. The rolling friction due to hysteresis losses 
is very small. The sliding friction can be explained satis- 
factorily in terms of an adhesion mechanism. 


Introduction 


IGNUM VITAE (the popular name for wood of the genus 
Guaiacum) is a very versatile material. Originally 
prized for the medicinal value of its extractives, its 

unusual frictional properties have been utilized for items as 
far apart as wooden clocks and stern tube bearings on ocean 
liners. As early as 1717 we find James Harrison, a clock- 
maker, introducing lignum vitae roller pinions ‘which move 
so freely as never to need any Oyl’ (see Lloyd 1953). In the 
mid-19th century, this wood was found to be the answer 
to the problem of providing underwater bearings for screw- 
driven ships, where metal corrosion ruled out metal-to-metal 
contact. For this purpose, it is still regarded as pre-eminent 
(Hide 1956), and gives years of wear (Jane 1955). Resins and 
waxes are distributed throughout the wood in special ducts 
(Fig. 1), and these give it a waxy feel and self-lubricating 
properties which are utilized in pulley-blocks, rollers and 
slides. 


Fig. 1. Radial-transverse section of lignum vitae showing 
resin ducts. » 80. 


Its ‘built-in’ lubrication, great hardness and durability 
make lignum vitae a very interesting natural product, and 
this paper describes a study of some of the factors involved 
in sliding and rolling friction on this material. 


* Seconded from Australian Defence Scientific Service, Defence 
Standards Laboratories, N.S.W. Branch, Sydney. 
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Experimental 


Test specimens of heartwood were sawn from a log q)j 
section, then machined with a milling cutter to dimens} 
of 5, 3:5 and 1:5cm in the longitudinal, tangential }] 
radial directions, respectively. The finished surfaces }j} 
smooth and glossy. Friction measurements were madq)| 
longitudinal—tangential faces, by means of a slightly modjf/ 
Eldredge apparatus (Eldredge and Tabor 1955), using jf} 
balls as sliders or rollers. Traversing speeds were aki 
2 mm/sec. 


Sliding and rolling friction of steel on dry, machined li 
vitae 


The moisture content, taken as the ratio of the los 
weight at 60° c, to the oven-dry weight of the wood, | 
6:8%. (Care was taken in the drying, since if the wodl 
heated at 100° c resinous material exudes freely, setting M) 
brittle mass on cooling.) 

In the dry, machined condition, the coefficient of frictiq 
varied by as much as +15% from point to point oven 
surface of specimens. Within this rather large rang} 
experimental error, the friction was essentially indepenit) 
of load (up to 4 kg) and ball diameter (5 mm to 20 mm).} 

Sliding friction uw, ranged from 0-10 to 0-13, and roji’ 
friction 4, from 0:03 to 0-05, over a number of specing 
Faint permanent tracks were produced in the wood by y 
rolling and sliding. There was no significant change inl 
friction when repeated traverses were made along a gij 
track. With heavy loads, a thin film of wax expressed it) 
the wood was observed on the ball. 

If we assume, as in the earlier work with balsam vj 
(Atack and Tabor 1958), that the sliding friction p, is ¢ MY 
posed of an adhesion term pz, and a deformation term ; 
latter is very nearly the same as the deformation involvdl, 
rolling 4, We may therefore write 


Bs = ba + br. 


Typical results for a 5 mm ball are given in Fig. 2. 
seen that jz, is roughly independent of load and has a Wij 
Le 008. 


Sliding friction of wet lignum vitae 


Specimens soaked in water for eleven days at room 3) 
perature had a distinctly slippery feel, which was rem 
by a final wash in running water. A certain amoun}! 
material was leached out of the wood, but water uptakejin 
small (about 2% on a dry basis as before). A thin fill! 
water was present on the surface while measurements |) 
being made. The results were not affected if this filmi 
wiped off before a friction run. The water immersion t! 
ment increased the sliding friction significantly only at/lMf 
load. For a 320 g load the average value of ju, was 0°1 
0-03, but for 3200g load, u, was 0-14 + 0:02, nea 
original (dry) value. 


VoL. 12, Marcu 19 l 


THE FRICTIONAL PROPERTIES OF LIGNUM VITAE 


| The effect of extraction of resins and waxes 

_ facilitate complete extraction, specimens were reduced 
\n. in thickness, then extracted successively with acetone, 
‘leum ether, benzene, alcohol and water in a Soxhlet 
jratus. The extracted specimens were finally abraded 
|; running water on 500 grade silicon carbide paper. 


o=5mm_ steel ball 


415 

i ol ie eS ee Hs 
lo 

| edo. c= a 
| 0 1000 2000 3000 4000 

| Load (q) 


ig. 2. Coefficient of friction of steel on lignum vitae. 


(xtraction process leads to an increase in the sliding 
yn. There were considerable variations in the friction 
a given track, and from one track to another. In the 
tted condition, for both 5mm and 20 mm balls, uw, was 
i range 0-3-0-45 at low loads (320 g) and 0:2-0°3 for 
1 of 3200g. The motion was intermittent, but there 
10 readily discernible permanent tracks left in the wood. 
» wood was allowed to dry out at room temperature in 
ccator, sliding became smoother, but tracks were visible 
iliding or rolling. 

j-action of the wood had relatively little effect on 
; friction, uw, ranging from 0-03 to 0-08 for both wet 
r specimens, 


The lubricating effect of the wood waxes 


products recovered after the extraction processes 
ql partly oxidized and had rather a sticky consistency. 
textraction of lignum vitae sawdust with cold petroleum 
{gave a whitish waxy substance, which was found to 
| a lubricant when rubbed into dry extracted wood. 
5) the extreme load conditions used (3200 g on a 5mm 
“this ‘wax’ reduced pu, in a typical case from 0:24 to 0-10, 
(the original value for the unextracted wood. 
» effects of extraction and subsequent treatment on the 
aal behaviour are shown in Fig. 3. 


‘effect of temperature on the friction of lignum vitae 


wh specimens were heated on a metal plate, the surface 
‘ature near the slider being measured by a chromel— 
3) thermocouple. A 5 mm ball was used, and a normal 
f 800g. There was a slight decrease in pz, up to 80° c. 
her temperatures, gum and resin bubbled out of the 
‘and results became very erratic. 

Irder to eliminate the deformation term in the frictional 
43, experiments were carried out in which hemi- 
v-ally shaped wooden sliders of various radii were slin 
flat steel surface, previously abraded on wet silicod 
fe papers, then degreased with acetone and petroleum 
| Under these conditions, after the first traverse, the 
Siiation factor would be negligible, and the friction 
be mainly due to adhesive forces. The coefficient of 
‘| friction was of the same order (0:14 + 0-02) as that 
‘for steel sliders on the wood, and was independent of 
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load and radius of curvature of the slider. In certain cases 
(with a low load (320 g) and prolonged traversals over fresh 
surfaces of steel), the friction gradually built up and values 
of 4, up to 0:5 were recorded. This was apparently due to 
local exhaustion of the lubricating wax at the surface of the 
wood. With heavier loads (3200 g) this effect was not 
observed, presumably because there was a greater amount of 
wax expressed from the wood. 


5mm steel ball Mt, LLZZZZZZA 
YAO Al ae ee eS 4 


i eee 


Coefficient of friction: Steel on Lignum Vitae 


A \Y 
DV 
Uni 


Y 


Coefficient of friction (yw) 


Fig. 3. The effect of wood-waxes on the friction of lignum 


vitae. 


The effect of extraction on the hardness of lignum vitae 


Indentations were made by a 2 mm steel ball mounted in 
a standard Vickers Hardness machine. The impressions 
were elliptical, and the radius of the circle with area equi- 
valent to the ellipse was calculated. 

The average radius varied with load according to a power 
law, the index lying between 2:3 and 3. This indicates that 
the deformation is neither purely plastic (index = 2) nor 
elastic (index = 3), but an intermediate type of viscoelastic 
deformation. The mean indentation pressure or hardness is 
thus dependent on load, but for simplicity we describe 
results obtained at a load of 10kg. The hardness of the 
natural wood was about 23 kg/mm? and of the extracted 
wood about 15kg/mm?. For comparison some typical 
indentation hardness values for other materials are given in 
the Table. As a matter of interest typical friction values 
largely taken from Bowden and Tabor (1954), are also 
included. 

It is seen that lignum vitae is about 40 times harder than 


Approximate indentation hardness and some representative 


friction values 
Indentation hardness Coefficient of friction 


Material (kg/mm?) (Steel on material) 
Lignum vitae, natural 23 0- 
Lignum vitae, wax-extracted tS 0:4 
Balsam wood, dry pe) 0:6 
Balsam wood, wet 0-5 0-5 
Polythene (polyethylene) 2 0:4 
P.T.F.E. (polytetrafluoro- 

ethylene) 5 Vor 
Nylon 10 0:3 
Polystyrene 20 0:45 
‘Perspex’ 20 0-45 
White metal bearing alloys 20 0:4 
Copper-lead bearing alloys 40-60 0:2 
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balsam wood and comparable in hardness with the harder 
polymers and with typical white-metal bearing alloys. 


Discussion 


The experiments show that the friction of dry lignum 
vitae in its natural state is quite low, and is comparable to 
values observed with P.T.F.E. Greene (1959) has recently 
reported that, under different experimental conditions, lignum 
vitae and nylon sliding on steel have the same coefficient 
of friction (0:16). The low friction is due, as the extraction 
experiments show, to a thin film of wood-wax either present 
on the surface or extruded by the sliding process itself. The 
conditions are virtually those of boundary lubrication, and the 
low coefficient of friction observed is almost independent of 
load. Since the wax is present as a three-dimensional supply, 
the surface layer is readily replenished and the friction does 
not increase markedly with repeated traversals of the same 
track. 

If wood-waxes are extracted, the friction increases to values 
as high as » = 0-45. Extraction leads to a slight softening 
of the wood (a decrease in indentation hardness of about 
30°%), but this is not accompanied by an appreciable increase 
in the deformation losses involved during rolling (,) or 
sliding. The increase in sliding friction must thus be due 
primarily to increased adhesion between the slider and the 
extracted wood. Indeed, the friction is of the same order as 
that observed with other polymeric solids where marked 
adhesion is known to occur (see Table, column 3). If the 
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Abstract 


According to Arizumi and Kotani carbon dioxide may 
be formed from carbon monoxide owing to the catalytic 
action of a barium getter deposit. This hypothesis has 
been experimentally investigated using a ion resonance 
mass spectrometer of the omegatron type. It has been 
shown, using the dynamic sorption measuring technique 
at constant pressure on the getter film, that there is no 
such catalytic action. The results obtained indicate that 
the experimental behaviour observed by Arizumi and 
Kotani, and which warranted their hypothesis, is due to 
outgassing of the sealed-off system. 


Introduction 


HE importance of the work carried out by Arizumi 
and Kotani in 1952, concerning carbon monoxide 
sorption by barium films, has been emphasized else- 
where (Ricca and della Porta 1961, della Porta and Ricca 
1960). The work of Arizumi and Kotani is particularly 
interesting owing to the fact that they recognized the com- 
plexity of the phenomenon and underlined the importance 
played by film structure and by diffusion processes. 
A number of the proposals made by Arizumi and Kotani 
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wood-wax is re-applied to the extracted wood, the friij) 
falls to approximately its original value. 

These results show that the friction of lignum vitae cé 
explained in a fairly satisfactory way in terms of an adhf 
mechanism. The low friction generally observed is pri i} 
due to the lubricating action of the wood-waxes exprii) 
from the wood during sliding. 
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have been experimentally verified. However, their hypo 

concerning the formation of carbon dioxide from caf 
monoxide due to the catalytic action of barium has ne 
yet, received such an experimental verification. On 
hypothesis, which appears rather doubtful even at first s 

since it seems inconceivable that the carbon dioxide 
formed is not strongly sorbed by the getter film, is par 

based their theory relating to carbon monoxide sora i} 

room temperature. 

The experimental basis for this hypothesis was give#} 
the changes in pressure which occurred in a closed th 
containing the getter film and in which a quantity of cak 
monoxide had been introduced. Arizumi and Kotaniii) 
found that, under some circumstances, the pressure ull 
suffered a rapid decrease which was subsequently followe } 
a small but noticeable increase. They explained this p i 
menon by assuming that carbon dioxide was released wi ‘la 
the system owing to the catalytic action of barium 0! ii 
introduced carbon monoxide. ly 

. Ih 
Experimental \h 

An experimental verification of this hypothesis may fi 

be furnished by employing an ion resonance mass spe i 


| 


| 
: 
: 
: 


f 


| 
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BARIUM-CARBON MONOXIDE SYSTEM: AN 


Emission 
control 
unit 


All—glass isolation 
carrying known conductance 


HYPOTHESIS OF ARIZUMI AND KOTANI 


valve 


Preamplifier 


Liquid 


Diffusion 
pump 


Rigel? 


ic of the omegatron type (Sommer, Thomas and Hipple 


i this end the apparatus shown schematically in Fig. 1 
yemployed. It is essentially the same arrangement 
yially employed in this laboratory to study the gettering 
Jirium films at constant pressure on the getter deposit. 


‘ind and Laurenson 1959) to connect the manifold to 


quid oxygen trap, the initial residual pressure in the 
@n is always better than 5 x 10° ® torr. Analysis at this 
‘ire with the omegatron showed carbon monoxide to be 


an (S.A.E.S. Getters, St,/7 x 7) and employ a stabilized 
m aluminium alloy, from which pure barium is 
‘rated. The carbon monoxide used is produced by the 
‘od of Weinhouse (1948); any carbon dioxide which is 
volved is removed by allowing the gas to flow through 
# liquid oxygen traps in series. 
Jer evaporation of the getter the capillary was introduced 
fen the getter film and the pumps. The pressure on the 
) was brought to 1-5 x 10~° torr and maintained at this 
4} until the initial sorption velocity (6-5 x 10~!* mol. s~!) 
jallen to one-hundredth of this value. In this manner 
Garious phases of sorption were followed and, in par- 
Jr, the high initial velocity phase and the final phase 
Mcterized by a low sorption velocity. This latter phase 
‘particular interest, since it is to this that the work of 
“mi and Kotani refers. 
‘oughout these stages the mass region close to that of 
fn dioxide (44 a.m.u.) was closely observed. Under no 
*astances was it possible to observe a peak corresponding 
i presence of carbon dioxide. Had its abundance been 
4 than about 0:5°% of the principal carbon monoxide 
‘its presence would have been easily revealed. 
ing to this it was decided to control the experimental 
of the hypothesis of Arizumi and Kotani. This was 
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trap 


Vibrating 
Reed 
Electrometer 


Omegatron 
Control 


O2 


Sweep 
arrangemen 


Rotary pump 


System employed to study the gases above a barium getter working at a constant pressure. 


done by attaching a small bulb containing the getter to an 
Alpert type ionization gauge. The total volume of this 
system was of the order of 300 cm?. To measure the pressure, 
the emission of the Alpert gauge was maintained constant at 
0:01 ma. The whole was attached, by means of a con- 
stricted tubulation to facilitate seal-off, to an ordinary 
pumping system capable of reaching a residual vacuum of 
the order of 1 x 1077 torr. 

Two series of experiments were carried out using this type 
of system: 

(a) the whole system was well degassed in order to obtain 
a residual vacuum of the order of 1 x 10°’ torr in the 
experimental tube; 

(5b) the whole system was only lightly degassed and for a 
brief period, so that the residual vacuum in the system was 
of the order of 5 x 10-° torr. 

In both cases after the getter deposit had been produced, 
carbon monoxide was introduced at a pressure of about 
1 x 10-3 torr, and the getter bulb and ionization gauge were 
sealed-off from the pumps by glass-blowing. 

The subsequent variation of pressure was recorded on a 
potentiometric recorder. A typical result for tubes treated 
in manner (a) is shown in Fig. 2, whilst Fig. 3 shows the 
resulting curve for tubes treated in manner ()). 

It will be observed that the pressure increased, after the 
initial decrease, only if the sealed-off system had not been 
well degassed. This result was consistent for a whole series 
of experiments. It may therefore be deduced that the increase 
in pressure found by Arizumi and Kotani is not due to the 
formation of carbon dioxide, but rather to gas emission by 
the insufficiently degassed sealed-off system. 

Further evidence to this effect was obtained by analysis of 
the residual gases above a barium getter, isolated from the 
pumping system by means of a spherical ground glass 
isolation valve, and on which a relatively high pressure of 
carbon monoxide had been established prior to seal-off. 

Unfortunately, with the system only lightly degassed, it 
was found impossible to obtain a pressure below 1 x 10° > torr 
in the experimental system when sealed off. Hence the 
omegatron could not be employed under these conditions, 
since at such a pressure an upper limit for its operation exists. 
Therefore the analysis had to be carried out in a well-degassed 
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Fig. 2. Total pressure above a getter sealed off at a carbon 
monoxide pressure of | x 10-3 torr. System well degassed. 
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Fig. 3. Total pressure above a getter sealed off at a carbon 
monoxide pressure of | x 10 3 torr. System lightly degassed. 
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Fig. 4. Residual gases above a barium getter sealed off at a 
carbon monoxide pressure of | x 10~3 torr. 


Total pressure = | x 10~6 torr; trapping = 0-2 v; 
r.f. voltage = 1650 mv. 
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system where, apparently, no emission of gas is perceivat} 
at least from curves ef the type shown in Fig. 2. 
In fact, the gases present on such a getter film, when 
mediately before seal-off the carbon monoxide pressur¢ 
the system was | x 10 torr, are shown in Fig. 4. Jj 
spectrum was obtained at a total pressure of 1 = 107 4 
when the fall in pressure had become very slow. A\thofj| 
a great quantity of carbon monoxide was initially prese 
can be seen that at this stage the peak at 28 a.m.u., wih 
carbon monoxide and nitrogen appear together, is very s 
No peak at mass 44 is observed. The main residuals are 
fact, the lighter hydrocarbons, particularly methane, wi 
originate from heavier hydrocarbons owing to crackingh® 
the hot filaments. Hence the gaseous phase at quasi-st}ii) 
equilibrium above a getter film isolated from the pu i 
consists of hydrocarbons which are released from wallsjif 
the enclosure and the electrodes. 
Therefore, it seems likely that in a lightly-degassed sys## 
the getter film will initially sorb all the carbon mono 
introduced quite rapidly. However, in this case outgass#} 
of hydrocarbons occurs in appreciable quantities. These f 
not quickly sorbed by the getter film and so an increasqy 
the total pressure is observed after the initial decrease. 
some time this increase tends to saturation and it has b 
found that a slow subsequent decrease in pressure occurs 
very prolonged experiments. This is in all probability 
to the similarity which exists between the ionization gauj 
getter film combination and a getter ion pump. This effi 
could not have been observed by Arizumi and Kotani, sijgi 
they employed a Pirani gauge for their pressure measuremegf}) 


Conclusions 


It has been shown that there is no catalytic formation} 
carbon dioxide due to the action of barium on cart 
monoxide. However, the experimental results of Ariza 
and Kotani have been shown to be correct. The intergi 
tation then given by them is incorrect in as much as } 
gases evolved are hydrocarbons, which are released from j 
surfaces of the system when this is not well degassed. 
their proposed theory for the adsorption of carbon mono 
at room temperature, although very illuminating on 
points, seems to have been superseded by more recif 
theories based on experimental indications obtained emplfj, 
ing far more refined techniques than then available, dij 
which have been made possible by new developments in 
field of vacuum technology. 
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DTES AND NEWS 


[SSS 
| 


ates and comments 


. 


|story of flow measurement by pressure-difference devices 


je have received a publication, under the above title, 
1h consists of a reprinting of a series of articles, the first 
which appeared in the very first number of Jnstrument 
qveer in April 1952, and the last in October 1959. It 
| sts of seven parts under the headings: The work of 
uri, The part played by Clemens Herschel, The develop- 
1 of the Venturi meter and some notable installations 
)W. G. Ardley, formerly Joint Managing Director, 
fi The development of Venturi recorders 
, The commercial metering of air, gas and 
ma (by John Lawrence Hodgson, B.Sc., Assoc.M.Inst.C.E.), 
ther diaphragm-operated instruments, including steam 
ys (by ffolliot Gray, formerly Development Engineer, 
'ge Kent Ltd.), Developments in differential producers 


») Department, George Kent Ltd.). It also contains nine 
dices which give the theory of various instruments 


gis publication does not claim to ‘do more than scratch 
ace of so wide a subject’, but it should certainly prove 
5 terest to those whose work brings them into the 
“surement field’. 

is published by George Kent, Ltd., and the price is 10s. 


i 
s .P.A. one-day conference 


fs Society of Instrument Technology and The Birming- 
)Productivity Association are holding a One-Day Con- 
ce, at The Birmingham College of Technology, Gosta 
1, Birmingham, on Wednesday 29th March 1961. 
#2 main purpose of this Society is to promote greater 
lledge of instruments by the presentation of lectures and 
‘es of papers upon the application of instruments and 
ol to industrial processes and manufacturing units will 
sented by engineers experienced in this work. Questions 
ye invited, and several histories of the improvements 
ing from a more scientific system of measurement and 
& will be recounted and these histories related to the 


6iction problems which were resolved. 

» lectures will stress (a) increased productivity using the 
labour force, (5) consistent quality of products by con- 
i measurement, (c) reduction of scrap, during processing, 
line inspection, including non-destructive testing. 
‘exhibition of the simple types of equipment which can 
‘improvements in production will be held and this will 
ysely related to the papers presented and the examples 
si\tallations which are recounted. 


‘ntion on television and film techniques 


convention on television and film techniques, jointly 
ized by The Television Society and The British Kine- 
sraph Society, will be held at The Institution of Electrical 
eers, Savoy Place, London, W.C.2, on 20th and 21st 
1961. 

convention will present some distinguished speakers 
from Great Britain.and from Overseas. A full pro- 
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gramme of demonstrations is also planned. A noteworthy 
feature of the convention is that a considerably longer period 
than is normal has been set aside for discussion following 
each lecture, it being realized that delegates will welcome this 
innovation. 

Full details of the convention and registration forms are 
available from: The Convention Secretary, The Television 
Society, 166 Shaftesbury Avenue, London, W.C.2. The 
registration fee for the convention is three guineas which 
includes the cost of a copy of the Convention Proceedings 
and discussion. 


Second conference of x-ray analytical methods 


A conference will be held on x-ray analytical methods in 
conjunction with the Department of Geology at The Uni- 
versity, Manchester, from Monday 20th March to Friday 
24th March 1961. 

This year the conference will discuss and evaluate the 
latest techniques and instrumentation of x-ray fluorescence 
analysis. An extensive range of modern equipment will be 
available for demonstrating the principles of these methods 
over a wide field of applications. 

Full information concerning the conference together with 
details of the registration fees may be obtained from the 
Conference Secretary at Research & Control Instruments 
Ltd., Instrument House, 207 King’s Cross Road, London, 
W.C.1, to whom all inquiries and applications should be 
addressed. 


Second International Conference on Materials Handling 


The Second International Conference organized by the 
Institute of Materials Handling is to take place in Southport 
from May 10th to 12th at a time of particular importance for 
British production. 

The conference will be the second devoted to materials 
handling and it was because the first, held in May 1959, was 
such a success that the Institute has decided to hold another. 

The conference will provide a forum for the international 
exchange of knowledge and experience and the opportunity 
to discuss new methods and trends for the future in a field 
vital to delegates of all countries whose participation will give 
the conference its international flavour. 

Brochures may be obtained from the Institute of Materials 
Handling, 32 Watling Street, London, E.C.4. 


Euratom, U.K.A.E.A. and U.S.A.E.C. set up translation pool 


The European Atomic Energy Community (Euratom), the 
United Kingdom Atomic Energy Authority and the United 
States Atomic Energy Commission have agreed to pool their 
efforts to collect and disseminate information concerning 
translations of nuclear literature, especially from such 
languages unfamiliar to Western readers as Russian and 
Japanese. A central information office “Transatom’ has 
therefore been established at Euratom’s Brussels head- 
quarters. It will function in two ways: first, by publishing 
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from December 1960 onwards a monthly Transatom Bulletin, 
which will list existing translations recently reported to the 
Brussels office as well as new translations planned by inter- 
national or national institutions and private firms in the 
European Community, the United States, the United Kingdom 
and in other countries. 

Secondly, all data relating to translations, including those 
made before the establishment of Transatom, are being 
collected and recorded in a master file system at Brussels. 
Copies of this card file have been offered to appropriate 
institutions in countries with great interest in the nuclear field. 

Contacts have been established in order to avoid duplica- 
tion of work when the European translation centre, to be 
established at Delft, Holland, is set up. The scope of this 
institution is much wider: it will cover all scientific and 
technical material in the field of exact sciences. 

The Bulletin is available on a subscription basis from 
Transatom, 51 Rue Belliard, Brussels, Belgium, at $8 per 
annum, $16 air mail. 


Forthcoming publication of the proceedings of the 1960 PICC 
Symposium, Rome 


The Symposium on the numerical treatment of ordinary 
differential equations, integral and integro-differential equations 
took place in Rome during the week of 20th—24th September 
1960 at the Mathematical Institute of the University of 
Rome. This symposium was organized by the Provisional 
International Computation Centre (PICC). 

The symposium opened with a remarkable report delivered 
by Professor Walther of Darmstadt (Germany) on the 
methods presently employed in the treatment of integra] and 
integro-differential equations. Dr. Genuys (Paris) then 
presented a second report, on the methods of treating ordinary 
differential equations. After this introduction, more than 
fifty specialists, divided into three study groups and lectured 
on their personal studies, exposing the particular problems 
with which they dealt and how the practical and theoretical 
difficulties which they encountered had been overcome. 

Professor Lanczos (Dublin) delivered a more general lec- 
ture on the possibilities offered by modern electronic com- 
puters and the final session was consecrated to an outstanding 
speech by Professor R. Courant of New York, who exposed 
his personal conclusion on the requirements of scientific 
research in our highly technical century, as well as the 
problems posed by the training of young specialists in the 
field of automatic computation. 

The symposium, on the whole, presented a fairly complete 
picture of the actual state of this important section of mathe- 
matical sciences. It was attended by about 200 eminent 
mathematicians from twenty different countries. 

The Proceedings, consisting of about 700 pages of high 
scientific value, will be published by Birkhauser Verlag 
(Basel/Stuttgart) at the beginning of 1961. 
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Editorial and publications sales offices 


Readers are requested to note that all corre-. 
spondence of an editorial nature should now be 
sent to the following address: 


The Editor and Deputy Secretary, ip 
The Institute of Physics and The Physical : 
Society, 1 Lowther Gardens, Prince Consort 
Road, London, S.W.7 (Kensington 0048). 


Correspondence concerning subscriptions, missing 
journals, and sales of publications should be sent | 


to: 
The Institute of Physics and The Physical 
Society, 47 Belgrave Square, London, S.W.1 
(Belgravia 6111). 
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1e Joint Conference of the Non-Destructive Testing Group 
d the Société Francaise de Métallurgie 


jieral report of the Conference 


Abstract 


| paper consists of a general report of the Joint 
ference of The Non-Destructive Testing Group and 
‘Société Francaise de Métallurgie, held in the Lecture 
\itre of the Institution of Mechanical Engineers from 
‘ito 4th May 1960. It includes a list of all the papers 
sented at the Conference, with references, where 
‘able, for those which have been or are being published, 
jis followed by four of the papers presented at the 
erence. 


"suis Joint Conference of the Non-Destructive Testing 
»,| Group of the Institute of Physics and The Physical 
» Society and the Société Francaise de Métallurgie on 
‘sical and Structural Aspects of Non-Destructive Testing 
=|Metals’, was planned to include research methods or 
siiques from which new methods of physical testing could 
y)ually develop. 

»me of the papers presented are published with this 
»oary; others, it is hoped, will be published in metal- 
yal journals either in France or in this country. The 
ductory paper ‘The Structure of Non-Destructive 
ag’ by K. W. Andrews (this issue p. 127) explained the 
» of non-destructive testing and physical methods in 
val, and the relationships between physical properties 
‘structure with particular reference to metallurgical 
iials. 

ithe first session, Relaxation and Stress Wave Phenomena, 
* papers illustrated the use of physical techniques in 
ta the specimen is subjected to elastic vibrations, and the 
}ption of energy at critical frequencies (temperature 
)udent) is measured and related to an atomic diffusion 
‘ 
34 
3 
t 


we AS Oo 


‘ss. The determination of the damping of oscillations 
‘ferent frequencies and temperatures“)* could be used 
idy grain boundaries in metals, and the effects of both 
|titial and substitutional elements at grain boundaries 
‘the relation to embrittlement and grain boundary 
a ity could be determined. Hydrogen in steels could be 
+'d@ by a related technique employing an electrostatic 
yatus using the resonant frequency of a specimen 
0:0, 30000 and 100000 c/s according to size of specimen). 
suggested that hydrogen was not in interstitial solution 
t about 150° c but in fact preferred dislocations or other 
4 
i 
€ 
3! 
4 
q 


' On the other hand excess hydrogen could be forced 
fae material, when it would show an interstitial damping 
‘at low temperatures. The significance of these results 
ndicated. A third method, the torsional pendulum 
»d,® enabled the investigation of the precipitation of 
en in iron, and of copper of varying purity. 

1 the other hand, Dr. Wilks“ gave a general and theo- 
4. account of the movement of dislocations as such 
#.ot atoms or ions) under the influence of an applied 


‘\umbers refer to the individual papers, listed at the end of 
Hicle. 
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oscillating stress. These movements of the dislocations at 
stresses much smaller than the critical shear stress also give 
rise to damping. Experimental and theoretical work on these 
lines is fully consistent with the general viewpoint of the 
Conference and the interpretation suggested by Figs 1 and 
3 of the introductory paper by Andrews. 

The final paper in this session, on the application of 
forced vibrations,“ deserves separate mention for its closer 
connection with the classical physics of vibrations (i.e. where 
there is no immediate structural interpretation in terms of, 
say, atoms or dislocations). The system was arranged so 
that two pendulums together gave a pulsating beat frequency 
which is transmitted to the specimen under test. This method 
of forced vibrations can be used to determine elastic modulus 
or damping capacity. 

The second session was concerned with Magnetic and 
Electrical Properties of Metals. There was a discussion of 
the difficulties involved in attempting an adequate mathe- 
matical treatment of induction in non-uniform magnetic 
fields“ (this issue p. 146). A consideration of a metallic 
conductor as an infinite number of closed circuits led to an 
expression for the current at any point which depended 
upon the geometry of the conductor, the electrical con- 
ductivity and the magnetic permeability. It was considered 
that application of this theory of coupled circuits should lead 
to a re-examination of methods of testing. 

The ‘electro-test’ method is a non-destructive one based 
on physicochemical phenomena. It is a method for the 
identification of metals and alloys, and can be used as a 
spot test. A continuous e.m.f. of a few volts is applied 
between the metal and an electrode, and characteristic 
reactions occur according to the elements present. The 
method is generally applicable to steels including stainless 
and low alloy steels and to non-ferrous alloys, but in some 
cases silicon and carbon could be tested. 

Magnetic Examination of Metals and Alloys®) (this issue 
p. 141) was of use in the study of metallurgical phenomena 
such as precipitation, and recent work had been done on the 
relation between magnetic properties and stresses including 
the stress fields of dislocations. Surface defects on hot 
rolled square billets made from a mild (rimming) steel could 
be detected by an electromagnetic method. This had an 
important industrial application® in the development and 
improvement of a method for the continuous examination 
of a product in the course of processing. The basic physics 
of the device was explained and the method had resulted 
among other things in improved sensitivity and better 
resolution lengthwise. 

The third session was concerned with Metallographic and 
New Techniques. The technique of examining a fractured 
surface by electron microscopy had been applied“ to the 
study of fracture in steels containing hydrogen. In the 
presence of hydrogen the number of nuclei from which the 
fracture propagates is considerably increased, and helps to 

confirm current views about the way in which hydrogen 


BRITISH JOURNAL OF APPLIED PHYSICS 


JOINT CONFERENCE OF NON-DESTRUCTIVE TESTING 


causes fracture. Problems of both hot and cold fracture in 
large objects such as crankshafts and large steel vessels could 
be studied by a similar technique.“ Minor constituents 
from fractured surfaces could be removed and examined and 
it was found?) that some of these constituents had un- 
doubtedly provided a starting point for fracture. 

Consideration of these techniques illustrate the point that, 
whilst applied non-destructive testing aims at establishing 
the existence of causes of failure and assessing their possible 
seriousness, the interest for physicists lies in the physical 
phenomena involved. The metallographic approach provides 
another aspect—it is directly concerned with the basic 
structural causes. These give rise, either to physical effects 
which can be recorded or measured or to mechanical failure 
which has to be explained. The importance of structure is 
again endorsed. 

Investigation of Surface Deformation dealt with somewhat 
different techniques and phenomena. This work‘!3) (this 
issue p. 134) showed that freshly deformed surfaces gave a 
photoelectric sensitivity to visible and near-ultra violet light. 
Examination of surface topography could be undertaken by 
means of electron microscopical techniques, by tracer 
techniques and by optical methods and examples of applica- 
tion were described. In this field a combination of a wide 
variety of techniques has provided much new information. 

K. W. A. 


(1) Leak, G. M., F.Inst.P., Grain Boundary Damping in Iron 
and Iron Alloys (University of Manchester). 

(2) Hewitt, J., A Study of Hydrogen in Low Alloy Steels 
by Internal Friction Techniques (United Steel Com- 
panies Limited, Rotherham). 

(3) CoLLeTTE, G., Note on Certain Transient Phenomena 
Arising from Internal Friction (Institut de Recherches 
de la Sidérurgie). 
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(4) Wixks, J., Dislocation Damping in Metals (Claren}) 
Laboratory, Oxford). 

(5) GretT and Sortn, MM., A New Application of the Me, 
of Forced Vibration to the Study of Complex Struct. 
Experimental Determination of Deflection Inft i) 
Lines (Institut Supérieur des Matériaux et df) 
Construction Mécanique). 

(6) GRANEAU, P., Frequency Dependence of Induced 
rents (British Insulated Callenders’ Cables Li of 
London) 1961, J. Electronics and Control, in the pi 

(7) Guitton, L., The Non-Destructive Identification) 
Metals and Alloys by the ‘Electro-test’. ili 

(8) Hose.i1z, K., F.Inst.P., Magnetic Examination of 
and Alloys (Mullard Research Laboratories, Red 
Surrey). 

(9) BEAUJARD, L., Monport, J., and Darscu, C,, 
Improved Electromagnetic Method for the Dete 
of Surface Defects in Hot-Rolled Square Billets 
from Mild Rimming Steel (Institut de Recherches ¢ 
Sidérurgie). . 

(10) Azou, P., Azou, Mme, and BASTIEN, P., The 4 
figuration of Fractures in Dead-Mild Steel contami 
Hydrogen. 

(11) Jacquet, P. A., and MENCARELLI, E., The Tec 
of Non-Destructive Electron Micrography and 
fractography. 

(12) MESDAMES GAILLARD, FRANCOISE, and WEILL, ADRIE 
A.Inst.P., Non-Destructive Extraction and Analys\j, 
Minor Constituents present in Fracture Sur, 
(Ingénieurs Contractuels des Constructions et A 
Navales). 

(13) GRUNBERG, L., Scotr, D., and Wricut, K. H. 
A.Inst.P., The Investigation of Surface Deforme 
(National Engineering Laboratory). 
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1e Structure of non-destructive 
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testing 


/.. W. ANDREWS, D.Sc., D.Phil., F.I.M., F.Inst.P., United Steel Companies Limited, Research and Development 


4rtment, Rotherham, Yorks. 


f 
; ductory paper presented at the Joint Conference of the Non-Destructive Testing Group and the Société Francaise de 


ellurgie, 2nd to 4th May 1960 


Abstract 


‘none, 1 or 


physical basis of all non-destructive testing is 
tasized. It is suggested that the ‘structure’ (in a 
al sense) of non-destructive testing is based on two 
ipal forms of energy, viz. the spectrum of electro- 
etic radiations and fields and the spectrum of particle 
ments or vibrations in solids. The two are involved 
her or separately and are interpretable in terms of 
tructure (in a more physical sense) of the material, 
sie electrons, atoms, molecules, crystal structure, etc. 
unified scheme of relationships is suggested. Refer- 
is made to a fundamental unity of the equilibrium 
‘cal properties of a perfect crystal so that physical 
-9ds of examination are similarly inter-related. The 
® materials of industry, and in particular metals, can 
id as derived from perfect single crystals by the 
wduction of increasingly serious forms of lattice 
fection’ or irregularity such as solid solution strains, 
wicies, domains, dislocations, etc., leading to the 
sual appearance of grain boundaries, poly-phase 
mtures, segregation, etc. The way in which various 
ical properties are used to interpret materials in those 
1) is indicated. 
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Fi subject of non-destructive testing has been 


Introduction—Some definitions and criteria 


approached from many different points of view and 
its precise scope has been the subject of considerable 
fi We should not attempt any exact definition here 
» efer to accept a wide if somewhat inexact interpretation. 
‘useful observations were made at a previous conference 
1; Group (Rait and Peiser 1957). We should aim (as 
fauthors imply) to avoid the dangers of an interpretation 
© is either too wide or too narrow. 

astatement made at the Chicago Conference in 1957 
#Ouwerkerk 1957) illustrates the narrowest viewpoint, 
“/Non-destructive Testing as we know it today consists 
) rily of four methods—Radiography, Ultrasonics, Mag- 
Particle Inspection and Penetrant Methods. These are 
2\sting methods which have been accepted by industry’ 
“talics). The author expected, however, that these four 
¥ ds would ‘surely expand to a longer list which would 
ho answer the problems of industry’. His definition of 
) tic methods which have been available for several 
y thers have been aware of a number of electrical and 
) 2tic methods which have been available for several 
#)(Lewis 1951, Institute of Metals 1958a). Some of these 
eids are used for the continuous checking of products 
vas control of strip thickness by a radiation gauge or 
+ 2tic sorting methods to give but two examples. These 
yearly within the scope of non-destructive testing and 
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the present industrial interest is indicated for example, by 
the recent book of Hinsley (1959) and the encyclopaedic two- 
volume ‘Handbook’ of the American Society (McMaster 
1959). 

The activities of this Group take us somewhat farther. 
The primary concern is not with the technical details of the 
applications of testing methods, but with the underlying 
physical and structural aspects. A similar point of view is 
exemplified by the series of volumes entitled Progress in Non- 
Destructive Testing (Stanford and Fearon 1958, 1960). 

We cannot under-rate the possible value of this approach 
which seeks to examine both basic properties and techniques 
which are already successful in the laboratory bearing in 
mind that they may lead to new developments of use to 
industry. The land on both sides must be explored and bridges 
built so there can be traffic to and fro. Furthermore, as at 
this conference, it is desirable not to be too precise as to 
where the legitimate boundaries of activity should lie. A 
broad view of the subject which extends a good long way in 
both directions is suggested by the wide scope of the papers 
at the recent Third International Conference on Non- 
Destructive Testing held at Osaka, Japan, in March 1960 
(to be published). 

The American handbook (p.4.7) points out that ‘Any valid 
law of nature may serve as a basis for a useful non-destructive 
test if it provides reliable measurements that can be correlated 
with significant material properties, discontinuities or service- 
ability of the test objects’. It is then noted that tests utilize 
three types of ‘probing media’ which are based on 


(1) Motion of matter. 

(2) Transmission of energy. 

(3) Inseparably combined motion of matter and trans- 
mission of energy. 


As it happens a more fundamental approach may also be 
based on the supposition of two or three main divisions but 
of a rather different kind, recognizing that energy and matter 
—stationary or in motion—are involved. We suggest here 
that the general ‘structure’ of non-destructive testing is based 
on two intrinsic forms of energy represented by: 


(1) The spectrum of electromagnetic radiations and 
electromagnetic fields 
(2) The spectrum of particle movements or vibrations in 
solids. 
These two are involved together or separately in the 
material with which we are concerned and so the third element 
in this conception is: 


(3) The structure of the material. 


Finally we imply an essential unity involving all three. 
The word ‘structure’ is now employed in its more usual 
sense—it includes the electrons, atoms, molecules, crystal 
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structure, lattice energy and vibrations, etc. It is in terms 
of the central structural and particle concepts that we would 
like to think on the one hand of physical processes which 
involve radiations or, on the other hand, of the mechanical 
movements of atoms, ions, molecules, etc., to and fro in a 
solid which are imposed by mechanical or physical means or 
which are already present, and which are associated with the 
forms of atomic binding in the solid. Clearly we could stray 
from here into a consideration of chemical or metallic bonding 
theories or into other theoretical aspects which are obviously 
in some way related to our theme but too far away from the 
immediate objective. We do, however, wish to imply that 
structural concepts could be brought into the consideration 
of properties much more often than appears to be the case. 
It is indeed possible to use or interpret many methods of 
testing—mechanical or physical—and even to develop 
theories and yet to overlook the underlying structural aspects. 
Solid state physicists and metallurgists have, however, in 
recent years derived great stimulus from the concept of 
dislocations, and much that is known about mechanical 
properties is interpreted in terms of this or other essentially 
structural concepts (Cottrell 1953, Fisher et al. 1956). Some 
physical phenomena associated with non-destructive testing 
also require structural considerations on the part of those 
who develop equipment or do research (e.g. properties of 
transducers) but structure can otherwise be evaded! 


Relation of structure to the two energy spectra 


The diagram in Fig. 1 represents the viewpoint outlined 
above. 


On the left-hand side we consider the electromagnetic 
spectrum—a familiar enough diagram by itself. The radia- 
tion emitted from alternating currents at relatively low fre- 
quency arises from the to and fro movement of electrons in 
conductors. We do not consider that there is a fundamental 
difference between a field surrounding a charged oscillating 
particle such as an electron, and the field which radiates from 
it (at the same frequency). They are represented by a set of 
relationships which include Maxwell’s equations. Alter- 
nating current methods of testing and the induction processes 
using eddy currents therefore fit in. At ‘zero frequency’ we 
include electrostatic and magnetic (magnetostatic) fields. 

It is well known that as we proceed to higher frequencies 
the process of generation of the electromagnetic wave becomes 
increasingly more associated with processes which involve 
transitions between energy states (hy = AE). Throughout 
the range radiation can be scattered, absorbed, diffracted on 
passing through or coming into contact with matter. 

Numerous methods of testing, laboratory examination, 
spectrochemical analysis employ the fields or radiations 
represented by this side of the diagram. Many of these are 
indicated in order to support the idea of a fundamental unity, 
although some would normally be regarded as outside the 
range of non-destructive testing. 

The right-hand side of the diagram comprises methods 
which involve the application of stress—generally in a cyclic 
manner. The case of ‘zero frequency’ includes direct stress 
(hardness) measurements, etc., in so far as they involve only 
elastic deformations. The case of plastic deformation is 
omitted but will be mentioned later. The spectrum is thus 
generally concerned with elastic vibrations, such as are used 
at low frequencies for fatigue tests and then at higher fre- 
quencies for ultrasonic tests. The passage of sound through 
solids belongs to the same group of phenomena. Likewise 
the movements of atoms at thermal frequencies represent an 
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upper limit from the point of view of what is calleq| 
vibrational analysis of materials. There is an app 
difference between vibrations put into the material by « 
method and the thermal vibrations already present. 

latter involve firstly the equilibrium positions of the a 
determined by a balance of attractive and repulsive fi\) 
and representing a minimum of potential energy as a funfiy 
of distance. The thermal energy is then representee |) 
vibrations about this potential minimum (including 
point energy’). Any other vibrations are superimposedki|) 
involve longer wavelengths. | 


An important feature of |) 
vibration experiments or tests is the proportion of imphiy 
vibrational energy which becomes transferred to the the 
vibrations and appears as heat. The wavelengths of eq!) 
nally imposed vibrations can be very much longer | 
interatomic distances and the energies involved lower. 
Implicit in any consideration of a vibration spectruk 
the presence of the third element on the scheme. Norn 
we go very far in the consideration of any of the elegy 
magnetic phenomena as test methods without referend:)) 
the structure of the material itself. In the diagram theif) 
quency scales are placed at the same levels. There if 
wavelength scale for the vibration spectrum becau' sil 
velocity of sound is not a constant. In the other case 
wavelength scale obviously refers to waves in free spi) 
Between these frequency scales we have indicated the nj) 
structural factors involved. There are no clear divide) 
along this ‘band’ (any more than on either side), but at 
lower frequencies we are more concerned with the ¢ 
as a solid—composed of atoms, ions or molecules}! 
vibration—and situated on a crystal lattice. The electii) 
phenomena involve conduction electrons which haw 
somewhat separate significance here. As the electromagi 
radiation energy (or frequency) increases we progres} 
regions where the transitions between molecular vibrati 
and rotational states or other energy states (including | 
netic resonance) become important. The next stage inve 
more particularly the electrons in orbits in atoms (or nf 
cules)—the outer electrons responsible for optical sp cf 
and then the inner electrons giving rise to x-ray spect tk 
even higher energies. | i 
It will be noted that some frequencies on the one spectfi 
correspond to, or can be translated into effects on, the of 
—sometimes by the interposition of a suitable instrumen} |) 
device. In general a solid with a given vibrational spec’ D 
will be sensitive to electromagnetic radiation and may 
able to absorb or emit radiation if energy transitions invo | 
are comparable with and can be excited by the radia 
(hv > AE), e.g. thermal vibrations and infra-red radiat} ) 
are approximately ‘opposite’. The radiations of the higié 
frequencies on the electromagnetic side correspond to tra 
tions inside the nuclei or result from the breakdowns tf 
interactions of fundamental particles. The spectrum i 
particle vibrations or frequencies cannot reasonably | 
extended into this region. The present limit is represe | 
by the ‘atomic unit of frequency’ which is the frequall 
represented by the energy of an electron in the ground s 
of a hydrogen atom (the frequency associated with the o 
according to the Bohr theory). | 
Other aspects of the diagram are evident, and need | 
discussed. | 


Interrelation of properties 


The existence of many interrelationships between phy 1) 
properties which are usually treated as distinct is well kno} i 
but often ignored. We suppose that in theory it shoulo} 
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or Processes 
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| 1. General scheme of physical properties and phenomena used in non-destructive testing. Relationship between electromagnetic 
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e1ds a 
Wately possible to calculate (perhaps by wave-mechanical A crystal is not isotropic and so we have the relationship 
ds) the complete energy relationships, electronic distri- between the tensor quantities: 
4s, interatomic distances, etc., in solids. From the basic elasticity ' 
the effects of external electric, magnetic or stress fields tress strain 


then be established. In practice it is necessary to accept 
nitations of both theory and experimental data. Some 
ition can, however, be given of the kind of relationship 
ye in mind, especially in regard to the relevant properties 
r materials. 

S| 

2) 


Similar relationships exist between other quantities: 
Electric field pocmurtiyity displacement. 


The strictly analogous relationship for thermal effects 
tially we consider an ideally perfect crystal. Some of (zero order tensors) is represented by 
“,ysical properties are governed by relationships which 
s:ct some kind of physical cause (externally applied) and 
) fect (the internal reaction). The simplest of these is 


‘if by Hooke’s law for an isotropic medium, stating that 


Temperature 


heat capacity entropy. 


These relationships were summarized in the diagram, Fig. 2. 
due to Nye (1957). This diagram brings out physical 
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properties which involve not only the ‘principal effects’ such 
as the stress-strain relationship, but ‘coupled effects’ such as 
thermal expansion or the piezoelectric effect. Furthermore, 
the diagram has a certain symmetry, e.g. the coefficients for 
the piezocaloric effect are equal to the coefficients of thermal 
expansion and the coefficients represented by any side of the 
outer triangle are equal in magnitude, but opposite in sign 
to those of the parallel side of the other triangle. These 
effects can act together or separately. 


ELECTRICAL 


~ 


@ 
(3 
yes 
c 
he peptone 
ES Koy Cp) 7 i 
wy t er, 
plore effec ius °XPansion 
Piezo Thermal_ pressure 


Thermoelastic effects [2] 
MECHANICAL THERMAL 


Fig. 2. Interrelations between certain (equilibrium) 
properties of a crystal. 


Notes—(a) Three principal effects represented by heavy lines, 
coupled effects by the diagonal lines or triangle 
sides. 

(6) The figures in round brackets are the tensor rank 
of the variables and in square brackets of the 
properties. 

(c) All crystals can show the principal effects and some 
of the coupled effects (e.g. thermal expansion), but 
other coupled effects (notably piezoelectricity and 
pyroelectricity) can only occur if certain symmetry 
conditions are met. 


The diagram is due to Nye (1957) and is reproduced with 
permission. 


This interesting diagram contains a number of physical 
properties which either interest physicists concerned with 
non-destructive testing at present or could do so. It omits 
certain properties which we should now mention. 

(i) An analogous triangle might be constructed with 
magnetic properties replacing the electrical. Alternatively 
there could be a tetrahedron with four principal effects, 
although the interrelations between magnetic and electric 
properties might not be strictly similar to the others. This 
possibility has been recognized by Nye (1957, p. 42, see also 
Cady 1946). 

(ii) The relationships considered so far are first order 
effects: the tensor components of the properties are taken as 
constants. They are otherwise represented by partial dif- 
ferential coefficients. Second order variations are important 
for some phenomena which are (or could be) of practical use, 
for example, 

(a) Photoelasticity is represented by small changes in 
certain tensor components which correspond to refractive 


index or dielectric constant, and involve a second oF 
dependence on field (‘electro-optical effect’) and on s | 
(‘piezo-optical effect’). 
(b) Variation of elastic constants with temperature. 
(c) Second order variation of strain with electric }) 
placement (electrostriction) or with magnetic induc) 
(magnetostriction). f 
(d) Non-linear thermal expansion effects. i 
(e) Non-linear variation of magnetic permeability (fe), 
magnetism). | 
(iii) The treatment of optical effects is implicit in 
relationships involving electrical properties and these ref) 
sent one aspect of the interaction with electromagnetic rajl|_ 
tion and with any electrical or magnetic field. Oj}, 
important aspects require separate consideration (see beld| 
(iv) Electric currents in general apart from the so-cal| 
displacement current involve the flow of electrons alorp 
potential gradient. The flow of heat along a thermal grad! 
is analogous and the relationship between the jj| 
(Wiedemann—Franz law) is well known. The o | 
properties mentioned are indeed equilibrium prope 
but these are transport properties and are not the ; 
dynamically reversible. (The significance of the conduchil 
electrons for both phenomena is represented in Fig. 1 byjt) 
broken line.) 
Thermoelectric effects involve both types of conducti i 
simultaneously and the two processes interfere. In the mic) 
general case the heat evolved per unit volume at any phi) 
in a conductor carrying a current is the sum of three ef 
ponents: Joule heat + thermoelectric heat + heat condusti) 
to the point. 1 | 


I 


From perfect crystals to real materials 


The fundamental relationships should strictly apply do 
to a perfect lattice. Such a lattice can be regardec | 
departing progressively from the ideal state to a real matdill 
by the introduction of progressively more serious ‘imfé 
fections’ or defects. The writer believes that the schemf 
Fig. 3 represents something like the right order of ‘If’ 
gressive degeneration’ from a perfect crystal to a real mat ih 
with defects of the kind which non-destructive testing} 
applied, aims to detect. The diagram (in keeping withit) 
theme of this conference) has a bias towards the metallurg f 
materials. 

We cannot consider in any detail how the phy: c 
properties for the ideal crystal are affected, but firstly wef 
summarize some of the main techniques or principles wH 
apply and which need not be discussed further here: 

(1) X-ray (and electron) diffraction methods pro l ) 
information about solid solution effects and the identit})| 
phases. { 

(2) Electron and optical microscopy provide informafll 
about particle size, morphology, etc. | { 
grain boundaries (McLean 1957, see also Weinberg 1959 | 

(4) Other methods are available for the study of magi! 
domains (powder methods) (Bozorth 1951), and domaiit, 
ordered structures (x-ray diffraction). l) 

(5) Low angle scattering methods are available for cei 
types of segregation or phase distribution (Guinier }}) 
Fournet 1955). 

(6) Electron microscopy in general is being used fort! 
study of dislocations, etc. Interesting information is becom! 
available from the thin film methods (Institute of Mf 
1959). a 
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Fig. 3. 


sroperties of metals, alloys or other solids have been 
ro elsewhere (Institute of Metals 1958b). 

‘/It is an important principle that, whereas single crystals 
iynerally anisotropic, a polycrystalline material will tend 
‘ow pseudo-isotropic properties which average the 
erties for different directions of a single crystal. Varying 
es of preferred orientation affect the extent of anisotropy 
ia by a given piece of material. Inter-granular stress 
yions will be more serious the more pronounced the 
ropy of the individual crystals. This could, for example, 
/| important factor affecting the properties of poly- 
“lline hexagonal metals. 

' The effects of dislocations on the mechanical and other 
ties of metals have been the subject of extensive studies 
tell 1953, Fisher et al. 1956) and the concepts are now 
ynown and frequently used by physical and structural 
urgists. 

rt from these general observations we require some 
‘specific indication as to how the physical properties 
Jyned in the previous section are affected. 

i/he first instance elastic vibrational behaviour derives 
jan alternating stress or force of some kind. The 
' of the elastic waves can be lost by several processes. 
Jaber of these processes have been examined by Mason 
|. We are here interested in such effects as 

‘Loss of energy by thermal conduction (longitudinal 
// only) which, for example, in polycrystalline materials 
ito losses between grains due to the anisotropy and 
> in orientation at boundaries (the Zener effect (Zener 


‘Loss due to scattering when wavelength is of the same 
/as the grain size. These could also be associated effects 


. 12, Aprit 1961 131 


Substitutional 
Solid Solution 


Short Range Order 


Arrays Mee etl 


DESTRUCTIVE TESTING 


stal 


Interstitial 
Solid Solution 


Formation of 
Nucler 


(Including Dislocation Sites ) 


Segregation of 
Atoms to Nucler 
by Diffusion 


Progressively 

More Pronounced 
Ordering in Micro-Segregation 
Domains 


Coherent 
Precipitation 


eee Incoherent 


Precipitation Leading 
(Directly or 
Indirectly) to 


i Presence of Two (or More ) Phases 


a (Inter - “| Stresses etc.) 


Nae of 
Constituents Along 


“N aed 


——_———_ Non -rretallic ete etcs 


enti a ro- Segregation 
ee ee ere 


Progressive degeneration from perfect crystal to real materials with increasing possibility of internal stresses, 
| segregation or defectiveness. 


} (Particular relevance to metallurgical materials.) 


due to particle size and distribution (phases or inclusions) 
leading to the detection of defects or faults with any suffi- 
ciently short wavelength. 

(3) Loss of energy which occurs in ferromagnetic or ferro- 
electric materials due to movements of domain walls. In 
magnetic materials there is a change of elastic modulus with 
magnetization, micro-eddy currents and a micro-hysteresis 
effect. 

(4) Loss of energy due to movement of interstitial or sub- 
stitutional atoms. This is the effect described by Snoek 
(Zener 1948, Snoek 1941). 

(5) Effects of dislocations on the damping of vibrations 
can arise due to comparable diffusion effects requiring the 
diffusion of atoms between dislocation sites. 

(6) Alternatively, ultrasonic waves could be attenuated by 
processes such as those described by Mason. These involve 
(i) consideration of low-amplitude vibrational movements of 
dislocations as similar to the behaviour of stretched strings, 
(ii) the break away of loops from dislocation atmospheres, 
(iii) at larger amplitudes the loops can become unstable and 
generate other loops. This involves anelastic internal friction 
and plastic flow. Plastic flow can occur by similar mechan- 
isms under direct stress (zero frequency). The dislocation 
theory can thus be applied to the interpretation of fatigue in 
general. 

(7) Grain boundary, thermally activated, relaxation. 

(8) Attenuation due to any other structural elements, e.g. 
vacancies, ions, molecules or electrons. Thus, high frequency 
sound waves are attenuated by the conduction electrons at 
low temperatures. 

Attenuation is observed or detected as a continuous 
process, e.g. specific dislocations are not observed. If, 
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however, the wavelengths are of the same order as the 
separation between or the size of the structural units scattering 
can occur and might lead to loss of energy by diffraction. 
Alternatively scattering by individual particles might enable 
them to be recognized provided the right conditions for 
experimental observation are established. 


Electromagnetic and radiation properties 


Some electromagnetic behaviour is already covered by the 
above discussion, but there are other aspects not explicit or 
implicit in this treatment. The most general principles are 
the equations which determine the electric or magnetic fields 
and lead to Maxwell’s equations for electromagnetic radiation. 
These include the principles of mutual and self induction 
and can be considered without any reference to structure. 
The magnetic permeability and electric permittivity or 
dielectric constant, required in practical application are 
amongst the structural properties already considered. 

(1) Electrical resistance can now receive further con- 
sideration. The structural effects involved are: 

(a) Density of ‘free’ or conducting electrons. The 
distinction between conductors, semiconductors and 
insulators must be made here and can be interpreted in 
terms of band theories, etc. 

(b) Structure of the solid including anisotropy. 

(c) General rise of resistance with temperature due to 
thermal motion. 

(d) Impurity atoms and any kind of lattice defects or 
irregularities including grain boundaries can cause 
scattering. 

(e) Proceeding downwards in Fig. 3 we expect variations 
in resistance to be associated with any of these changes or 
with the presence of gross defects. 

In regard to the last of these observations it is realized 
that in any given test a change in this physical property may 
indicate a number of possible changes within the material 
without being able to distinguish between them or locate 
very accurately. This does not limit the use of resistance 
methods for general quality control, but limits their use for 
defect detection. 

(2) Proceeding towards higher frequencies, as on the left- 
hand side of Fig. 1, physical methods become less concerned 
with fields and currents in the material as conductor (or 
insulator) and progressively more concerned with the free 
radiation. All radiation can be attenuated by various pro- 
cesses. It can be absorbed, reflected, refracted, scattered or 
diffracted according to the conditions. In addition to those 
effects which depend on crystal properties (as above) there 
are some other general properties which depend more 
definitely on the atomic structure and these are as follows: 

(a) Total absorption or attenuation of radiation on 
passing through a material is governed by the basic 
relationship 


dI(x) & 


Tens nodx 


where n is the number of atoms per cubic centimetre and o 
is the ‘atomic attenuation coefficient’. Considering all the 
possible processes o can be the sum of four terms due to 
(i) photoelectric effect, (ii) scattering, (iii) pair production, 
(iv) photodisintegration (McMaster 1959, ch. 13). The 
last two processes only become significant at high energies 
(gamma and cosmic rays). For x-ray absorption the 
linear absorption coefficient p(= Nop/A, where A = 
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atomic weight, p = density and N = Avogadro’s num) 
is generally employed. 

(b) The absorption due to the photoelectric 
involves the ejection of electrons from energy 
according to the relation 


hv = AE ae IB lj 


where AE = difference in energy level, Exyi, = kil 
energy of ejected electron (can give heating effects). |] 
(c) The scattering can be without change of wavela))} 
and some of this scattering can give diffraction 1 . 
suitable conditions or it can be scattered with changkl) 
wavelength according to the Compton effect (vw 
becomes less pronounced towards higher energies). |) 
(d) The absorption of quanta into molecular vibrath} 
or rotational energy bands is a process based on hy =#\) 
but is completely separate from the photoelectric absorpj 
(e) Any fluorescent process can follow a photoela: 
absorption—the emitted frequency is lower thanf/j 
absorbed frequency due to the kinetic energy fraction.) 
(3) The effects of the increasing structural complexitig}} 
represented in Fig. 3 can be described as F 
(a) Mixing effects, due to the presence of aton 
different kinds. The atomic processes indicated ji 
happen for each atomic species separately. Th 3} 
method of combining absorption coefficients follow. |! 
(b) Differential absorption effects. Apart from chaj/? 
of geometrical cross section the structural effects}, 
(i) different absorption by different phases or constitu’ 
on a mnicro-scale, detectable by micro-radiograjii 
(ii) different absorption in path of a beam due to mpi} 
segregation or defects requiring no magnification. 
Both processes depend on whether the absorption d= 
ences can give measurable differences in contrast and wh¢ 
an object or area of different absorption properties 
resolved by the detecting or recording device. 


A note on the mechanical properties and plastic deform 
of metals 


From a metallurgical point of view plastic deformatiory i 
mechanical properties would require a number of fui) 
considerations. The dislocation theories have been f 
cularly successful here (Cottrell 1953, Fisher et al. 1956) 
progress has been made in connection with the treatme 
fracture (Cottrell 1958). Whilst it is generally true thaf) 
physical properties considered do not correlate easily WW) 
(non-elastic) mechanical properties and the plastic dh 
mation history of a material there are a number of dis 
possibilities already apparent. For example, hardnessja) 
tensile strength correlate with grain size which corre 
with electrical resistance. Plastic deformation affects {}) 
properties at least partly through the grain size. Othe#’ 
it increases the number of dislocations and so the ultrad)|_ 
attenuation should also be altered. 1 

The effects of large macroscopic faults and defecth |) 
mechanical properties is somewhat arbitrary and indivi!” 
in character, but it is at this level non-destructive test# 
most successful. It is the development of smaller fi 
microscopical defects (micro-cracks) generally whichll 
contribute to an overall level of strength (or weakness}i#| 
which individually can become (undetected or unsuspet!| 
sources of failure. The correlation with physical prop 
here would be most desirable, but is perhaps the |!) 
difficult. This field of research needs much more consié, 
tion than we are able to give it here. | 
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Conclusion 


jsummary of this kind is necessarily very general and 
.yps over-simplified. It will have served a purpose if it 
sts that most physical methods for the examination or 
4g of materials are interrelated, and secondly, they can 
siought of more satisfactorily if the structural aspects 
juic or crystalline) of the material are considered as part 
asic unity of properties and material. Progress in non- 
)ictive testing should certainly follow from a continual 

uisal of all of the basic physical properties that are 
sible. We also hope that such progress will be assisted 
je proper introduction and use of structural aspects and 
» which serve to explain and interpret the properties. 
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Abstract 


The methods for studying surface deformation used in the 
National Engineering Laboratory are described. Deformed 
metal surfaces show an enhanced photoelectric emission 
which is studied with the aid of open-ended Geiger—Miiller 
counters or electron multipliers. Oxide films stripped 
from deformed metal surfaces are studied by electron- 
microscopy and changes in chemical reactivity by radio- 
active tracers. Surface topography is an important factor 
in lubrication and wear research and is being studied with 
the aid of interferometry, phase contrast and electron 
microscopy. Replica techniques are often applied with 
advantage. 


Introduction 


HEN metallic surfaces come into frictional contact 

changes occur both in the topography and in the 

structure of the surface zone subject to deformation. 
The changes are of great significance for the subsequent 
behaviour of the contacts and are therefore of considerable 
importance to research into lubrication and wear. The study 
of the nature of the surface zone is, however, of wider interest 
since most industrially produced surfaces are the result of 
surface deformation, such as cutting, milling, grinding and 
so on. Although such surfaces soon acquire a surface oxide 
film, the consequences of the deformation produced in manu- 
facturing are preserved below this film and become of 
importance when the oxide film is broken. The present paper 
attempts to outline briefly some of the methods used in the 
Lubrication and Wear Division of the National Engineering 
Laboratory for the study of deformed metal surfaces. 


Electron emission studies 


It has been known for roughly a decade that freshly 
deformed metal surfaces are capable of emitting electrons in 
circumstances in which annealed or aged surfaces are com- 
pletely inert. A review of the subject has recently been 
published (Grunberg 1958). The original discovery was made 
by Kramer (1950) who showed that the spontaneous emission 
of ‘exo-electrons’ could be observed in the dark. Grunberg 
and Wright (1953) discovered that, after abrasion, surfaces 
acquired photoelectric sensitivity at relatively long wave- 
lengths of light. 

The electron emission currents obtained from deformed 
metal surfaces, either spontaneously or through illumination, 
are rather small, and very sensitive instruments must be 
used for their detection and measurement. Kramer (1950) 
used a point counter for this purpose (Fig. 1(a)). This 
consists of a cylindrical cathode, usually kept at earth 
potential, which contains an insulated plug holding a fine 
wire, acting as anode and terminating in a fine point or a 
small metal sphere. High anode voltages up to 4000 v are 
required, but the instrument can be operated at atmospheric 
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pressure and in air and is therefore readily adapted to vario 
kinds of experiments. Unfortunately point counters ai 
rather unstable and tend to collect dust particles from tly 
atmosphere and this leads to spurious counting. In ord¥ 
to increase stability, open-ended Geiger—Miiller counters a) 
used; they can be either of the vertical or of the horizont 
type (Fig. 1(), (c)). These require a relatively low pressu! 


small platinum 
bead 


specimen 
CLIILTLALLILIL LTD 
vertical Geiger-muller 


counting tube 


(b) 


Geiger point counter 


(a) 


ULLTLTT2 
horizontal Geiger-Muller counting tube 


©) 


po copper—beryllium dynodes 
Si GO a 


& oe 


electron multiplier collector 
(d) 
Fig. 1. Types of instruments used for measuring exo-electron 
emission. 


atmosphere (4-10cm Hg) of argon, hydrogen or heliun 
and the presence of a ‘quenching’ gas such as ethyl alcoh# 
or a hydrocarbon gas. Operating voltages up to 1500 v aif 
satisfactory. The specimen should be shielded from tk 
extraneous field effects by a wire grid which is kept at a sligl} 
positive potential relative to the specimen and hence dra ! 
electrons emitted from the surface into the counter. }) 

The electrons emitted from deformed surfaces have a lo: 


b 


Ka 
energy and are incapable of penetrating even the thinne} 
counter windows. The specimens have therefore to be keg} 
in the special atmosphere required for the satisfactosf| 
operation of the counter. This introduces uncertainties abou 
the effect of the environment on the emission process an | 
recently there has been a tendency to use instruments capab: 
of operating in a high vacuum. Most of these are based cl 
secondary emission electron multipliers (Fig. 1(d)). TH 
electrons are accelerated by high tension fields betwee}. 
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llynodes and, since the number of secondary electrons 
mitted from the dynodes greatly exceeds the number of 
wimaries, high amplification factors can be obtained. 

. A few examples will illustrate the use to which the measure- 
nent of emission currents can be placed. Abraded surfaces 
lave been studied in detail (Grunberg and Wright 1955) and 
t is of interest to investigate the depth to which abrasion 
auses deformation in a metal surface. An aluminium 
pecimen was abraded in air; under illumination with light 
mmediately afterwards it gave a high emission current in 
he near ultra-violet and violet range of wavelengths. After 
jhe specimen had been kept for about two days in air the 
Jhotoelectric sensitivity had completely disappeared, owing 
40 the growth of an oxide film over the surface. Successive 
yyayers were etched from the specimen with dilute hydro- 
:,luoric acid and the emission characteristics were investigated. 
»iclg. 2 shows the results of this experiment. The photo- 


— 
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Fig. 2. Emission from an etched aluminium specimen. 


sensitivity at first increased and reached a maximum after 
approximately 2—3 microns had been etched from the surfaces. 
Beyond this region the activity decreased and reached zero 
at a depth of about 10 microns. Abrasion, although of con- 
siderable practical importance, is not a well-defined defor- 
‘mation process. In order to study the relationship between 
strain and emission, specimens of aluminium were subjected 
to tension, under illumination, in a chamber containing a 
.Geiger—Miiller counter (Grunberg and Wright 1957). Using 
annealed specimens covered by an air-grown oxide film of 
thickness 20 to 50 A, no photo-sensitivity was observed at 
istrains below 2%. At strains between 2 and 5% the photo- 
sensitivity appeared and began to increase rapidly with 
increasing strain (Fig. 3). The increase of photo-sensitivity, 
as measured by the magnitude of the emission current J, 
was dependent on the atmosphere in which the experiment 
was performed. In an atmosphere of argon and ethyl alcohol 
J & (e — e)*, and in an atmosphere of air and alcohol 
J & (e — é€)’, where e is the instantaneous strain and ég the 
initial strain at which the photo-sensitivity appeared. Recent 
experiments carried out in a high vacuum apparatus 
(10-5 mm Hg) embodying an electron multiplier, showed 
that the emission tended to ‘overshoot’ the strain, i.e. the 
electron current increased after the stressing of the specimen 
had stopped (Fig. 4). 
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Fig. 3. Emission from extended aluminium. 


The interpretation of the results from emission studies is 
as yet rather difficult, since the phenomenon is not fully 
understood. It seems likely that vacancies arising in the 
metal owing to the interaction of dislocations (or at jogs) 
diffuse to the surface. The high concentration of vacancies 
in the surface region of the metal and the presence of oxygen 
may lead to the formation of an oxide film containing oxygen 
ion vacancies in which electrons are trapped. The high rate 
of oxidation occurring under these conditions may lead to 
the thermal emission of some electrons and may thus be the 
cause of the ‘spontaneous’ emission reported by several 
observers. Electrons are held in the traps with relatively low 
energies and can be extracted by illumination at relatively 
long wavelengths. Electron emission studies can thus be 
used for studying both the results of deformation of a metal 
surface and of the interaction of the latter with oxygen. 


Electron microscopy of oxide films 


When a metal surface is being deformed the oxide film 
covering the surface must respond to the deformation in a 
manner which is compatible with its mechanical properties. 
Oxide films are rather brittle and the strain imposed by the 
slip system of the ductile metal substrate could be expected 
to lead to brittle failure of the film. This phenomenon was 
studied with the aid of electron microscopy. Annealed alu- 
minium specimens were deformed in tension and then covered 
with a Formvar film. The composite film of oxide and 
Formvar was removed from the surfaces by etching with 
mercuric chloride solution and examined in an E.M.3 
(Metropolitan-Vickers) electron microscope. Figs 5 and 6 
illustrate some of the results obtained. The slip system in 
the aluminium had caused brittle failure in the oxide over 
the slip bands. This causes the exposure to the atmosphere 
of the highly dislocated metal contained in the slip. band 
(Fig. 5). Occasionally transverse cracks appear (Fig. 6) 
suggesting that the oxide film has slipped relatively to part 
of a slip block in the aluminium. Both these observations 
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Fig. 4. Variation of emission current with extension time. 


lend support to the vacancy mechanism suggested for the 
emission phenomena. The metal in the slip band may be 
expected to contain a proportion of defects, including 
vacancies. The relatively poor adhesion of the oxide film to 
the metal may be due to an accumulation of vacancies at the 
oxide—metal boundary. 


Reactivity of deformed metal surfaces 


The physical changes produced by deformation are likely 
to change the chemical reactivity of surfaces. This can be 
seen from the following example. Specimens of aluminium 
were deformed in tension under solutions of C-14 labelled 
stearic acid in benzene. The reaction was allowed to proceed 
for a total period of ten minutes. Fig. 7 shows the amount 
of stearic acid taken up by the surface as a function of strain 
and of concentration. Within the short period allowed for 
the reaction the coverage was relatively small and depended 
on concentration. The amount of stearic acid taken up 
increased with strain and this may be due to interaction with 
strained metal in slip bands exposed by the breaking-up of 
the oxide film. 
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Minutes 


Surface topography 


In any investigation of surface deformation the orig ny 
surface has to be studied before changes due to deformatiq 


used depends upon the nature of the specimen and t 
information required from it. Many optical methods alla 
the specimen to be investigated without destroying it or sui 
jecting it to strain or damage (Scott 1957). Stylus metho 
provide an immediate numerical characterization of t 
surface, such as centre line average, but although they gi# 
a record of the surface contour quickly and convenient 
they are subject to the uncertainty of surface damage by t 
stylus, if the surface is soft. The profile microscope whic 
like stylus methods, gives only a single line profile, may yies} 
insufficient information and it may be necessary to obserjf 
many different recordings in order to obtain a comprehensi 

conception of the surface. Observing an enlarged image 
the surface by optical microscopy, although useful, allows r 

conclusions to be drawn regarding surface roughness, sf 
interferometry is used to reveal and evaluate minute surfa4f 
structures. In the image these appear as deviations in t 


Fig. 5. (9000) Failure 
of deformed oxide film. 
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‘inges which represent contour lines connecting all points 
f the same level. The difference in level between fringes 
drresponds to half a wavelength of the light used. The 
,agnification is irrelevant and the geometric shape of the 
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Fig. 7. Adsorption of stearic acid on extended aluminium. 


x concentration of stearic acid 2 x 10-4 g/ml. 
+, concentration of stearic acid 210-5 g/ml. 


2st piece is not important. The difference between an 
lectrolytically polished and a mechanically polished alu- 
ainium surface, prepared to the same average roughness by 
tylus measurement, which had been used in a friction experi- 
jent, is clearly shown by interferometry in Fig. 8 (x50). 
‘he electrolytically polished surface, although highly reflecting 
o light, is undulating, whilst the mechanically polished surface 
3 quite flat. Comparing the deformation or track formed 
s the result of a single traverse by a hemispherical steel 
lider on the respective surfaces when oleic acid was used as 
_ lubricant, the greater amount of deformation and build-up 
3 shown on the mechanically polished surface. Definite 
leformation bands can be seen within the tracks, which 
uggests that the slider had picked up material which caused 
leformation of the softer surface. 

_ Suitable selection of the method of specimen illumination 
‘an extend the versatility of the modern microscope; parti- 
ular surface features may be emphasized by specific forms 
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Fig. 6. (9000) Failure 
of deformed oxide film. 


of illumination. Some surface irregularities may be more 
easily observed by dark field or oblique illumination; the 
irregularities which diffract the light appear light on a dark 
background. Phase-contrast microscopy may be used to 
advantage to examine surface deformation as it is very sen- 
sitive to changes in surface levels and can reveal fine-scale 
surface irregularities quite invisible under normal illumina- 
tion. The true nature of an anodized aluminium surface is 
revealed by phase-contrast as shown in Fig. 9 (x75). 
Polarized light may be used to supplement information 
obtained by phase-contrast and interference techniques. 

When a more detailed examination of surfaces is required 
the electron microscope with its enhanced magnification range 
may be used (Scott and Scott 1957). Sufficiently small speci- 
mens may be examined directly by reflection technique, but 
usually transmission techniques are used with surface replicas. 
Fig. 10 (x 7500) shows the three-dimensional appearance of a 
two-stage positive Formvar—carbon replica of a finely ground 
steel surface. The flowed uneven nature of the surface can 
be clearly seen. Comparison between a more uniform 
‘mirror finish’ prepared by diamond polishing and by running 
in, is shown in Figs 11 and 12 (x9000). The electron 
microscope shows the difference between these surfaces 
which, by optical examination and stylus assessment, appear 
to be similar. 

The high resolution of the electron microscope is required 
to study and clarify fundamental phenomena associated with 
displacement or removal of surface material (Milne, Scott 
and Macdonald 1957). Electron microscopy is also essential 
to reveal the initiation of deformation leading to fatigue and 
creep failure. Fig. 13 (x 7500), for instance, shows deforma- 
tion on the electrolytically polished surface of a copper 
fatigue specimen, examined after only one tenth of its fatigue 
life. 


Replica techniques 


In order to examine microscopically selected surface areas 
of large unwieldy test specimens, or to examine periodically 
the surface of large machine components in situ, replica 
techniques may be used to advantage. Plastic replicas may 
be made quickly and, to aid microscopic examination and 
allow investigation by interferometry, a highly reflecting sur- 
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(a) 


Fig. 8. (50) Friction trace across a polished aluminium surface: (a) mechanically polished; (6) electrolytically polished. 


is _ : a oF 


Fig. 9. (X75) Stylus trace on an anodized surface: (a) normal illumination; (6) phase contrast. 


Fig. 10. (7500) Electron 
micrograph of finely ground 
steel surface. 
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Fig. 11. (x<9000) Diamond 
polished surface. 


Fig. 12. (9000) Run-in 
steel surface. 


jane, 13, (CX 7509) Surface 
deformation on copper fatigue 
specimen, 
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(a) 


Fig. 14. (38) Replica of worn gear tooth: 


Fig. 15. 


(x 7500) Fractured steel ball. 


face can be produced by coating the replica in vacuo with a 
thin film of aluminium. Fig. 14 (x38) shows the surface of 
a tooth of a worn hypoid pinion obtained by replica method. 
Interferometry shows that the surface is only lightly scored, 
but is rippled. For the examination of curved surfaces of 
small radius, pliable replicas made of softened cellulose 
acetate sheet are useful as they can be flattened out to 
facilitate focusing of the microscope. These replicas can be 
examined by transmitted light or by reflected light, with or 
without a metallic coating to increase reflectivity. 

Surfaces which are too rough to be examined satisfactorily 
by optical microscopy, owing to the limited depth of focus, 
can be conveniently examined by making use of the great 
depth of focus of the electron microscope. Such rough sur- 
faces, for example fracture surfaces, may be replicated 
successfully for electron microscopic examination by means 
of two-stage Perspex—carbon replicas. The Perspex replica 
is made thick and strong to avoid strain or tearing when 
stripping from the rough surface and the carbon replica of 
the Perspex is made very thin to give maximum contrast and 
is freed by dissolution of the Perspex. Fig. 15 (x7500) 
shows a typical electron micrograph of a fractured steel ball, 
obtained by this technique. Fig. 16 (3000) shows fine 
detail, not visible by optical microscopy, on the rough 
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(6) 


Fig. 16. (3000) Worn tool tip. 


surface of a crater in a cemented carbide tool tip, but in 
instance the replica was prepared with Formvar. 
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Abstract 


‘ome recent developments in the examination of materials 
uth the aid of the magnetization curve are described. 
he well-known method of estimating internal stresses by 
eans of magnetic measurements has recently been much 
efined so that a quantitatively correct estimate of the in- 
ernal stresses arising from plastic deformation of nickel 
nd even iron can be made. In special cases even inhomo- 
eneous Stresses can be magnetically estimated and the 
pproach to saturation is related to the dislocation density. 
{ fair amount of information about non-magnetic in- 
lusions and precipitates in a magnetic material can 
ie derived from a critical assessment of its coercivity. 
Mn the other hand, the measurement of torque curves 
md of rotational hysteresis allows a comprehensive 
nalysis of the shape, size and density of magnetic pre- 
ipitates. Finally, the use of magnetic viscosity measure- 
nents for structure studies is mentioned. 


Introduction 


AGNETIC properties of metals have been used for the 
M examination of structural conditions such as defects, 
_Stresses and inclusions in metals and alloys for a 
‘onsiderable time. It is by now well known that the magnetic 
yroperties are sensitive functions both of the composition 
ind of the structure of a metal or alloy. In many investi- 
zations magnetic measurements have been used to supplement 
{nformation gained by other methods and this is thought to 
xe the best method of using them. It is also well known that 
here are structure sensitive and structure insensitive mag- 
etic properties, the main latter ones being the saturation 
nagnetization and the Curie temperature. A fair amount of 
besearch has taken place to describe the methods which can 
Ibe used to determine composition and phase constitution of 
julloys by means of measurement of primary magnetic 
oroperties; this has usually been called thermomagnetic 
malysis. This review will not deal with this subject, (a) because 
t is preferable to enter into some detail in a small field rather 
shan treat a large number of things superficially, and 
'b) because thermomagnetic analysis has been recently 
described elsewhere (e.g. Hoselitz 1960) and no really major 
advances have taken place since these articles were published. 
| However, the theory of the magnetization curve has 
developed very substantially during the last ten years and this 
development has enabled a much greater insight to be 
obtained into the dependence of magnetic properties on 
structure. Moreover, these advances have been such that 
the examination of magnetic metals by means of the mag- 
netization curve can now yield some unique information and, 
although the interpretation of measurements is difficult, this 
information can be very precise indeed. 
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The magnetization curve 


The general features of the magnetization curve are well 
known. Attempts at summarizing the way in which the 
magnetization curve can be used for structure analysis have 
been made (e.g. Libsch and Conard 1954) and therefore it 
is not necessary to go into too great detail. Briefly, then, a 
magnetic material in the demagnetized state consists of a 
number of domains which are magnetized in different 
directions so that the vector sum of the magnetization is zero. 
Application of a field can do one or both of two things. It 
can move domain walls in a direction so that more favourably 
magnetized domains grow in volume at the expense of less 
favourably magnetized ones, or it can rotate the spin direction, 
i.e. the direction of magnetization inside the individual 
domains, to coincide more nearly with that of the applied 
field. It has been shown by earlier workers that the domain 
walls can have stable positions from which it is difficult to 
move them and to which they will tend to return provided 
they have not moved too far away (Becker and Doring 1939, 
Néel 1946). The strength with which domain walls are kept 
in such stable places is related either to the stress pattern in 
the magnetic material or to the pattern of non-magnetic or 
other magnetic inclusions. Thus, the initial permeability, for 
instance, which relates to magnetization processes of a 
reversible nature in very small fields is often a measure of 
the stability of such domain walls and can give an insight 
into the stresses or inclusion pattern in the material. As 
magnetization proceeds, we usually come to a region where 
domain wall movements or rotations take place irreversibly 
and where, upon reduction of the field, the magnetization 
does not return to its original value. The mean field for 
such irreversible changes is the coercive force. This also is 
related to the structural pattern in the material and measure- 
ments of the coercive force can be used to study imperfections. 

Finally, it is important to realize that the approach to 
saturation in high fields is mainly due to rotations after all 
domain walls have moved out of the material. These rota- 
tions take place against anisotropy forces inside the material 
and, therefore, the ease or difficulty with which a material 
can be saturated, gives a clear measure of these anisotropy 
forces. 

The most important contribution to the theory of the 
magnetization curve in the last few years has been the 
recognition that magnetic particles can be so small that the 
formation of a domain wall is energetically less favourable 
than the maintenance of the external magnetostatic field, 
which belongs to a uniformly magnetized element (Stoner 
and Wohlfarth 1948). In such particles, the magnetization 
can only change by rotation and this rotation can be irre- 
versible if there are certain preferred directions which can 
arise from crystalline symmetry, from the shape of the 
particles or from any external or internal directional stresses. 
Moreover, it has been shown that in such particles the rotation 
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of magnetization may be completely coherent, that is, all 
the spins remain parallel throughout the particle during 
changes in magnetization and they just rotate in unison, or 
that spins in one part of the particle can rotate before those 
in another part have completely rotated by the same amount 
or in the same direction (Jacobs and Bean 1955). 

The most general case is that in which the spins rotate 
independently. However, this is opposed by exchange forces 
which tend to keep all spins parallel and hence the solution 
of the problem of the actual way in which the magnetization 
changes in such a material presents a complicated boundary 
value problem which can only be solved in very special cases. 
Solutions for such cases are possible for cylinders, plates, 
spheres, ellipsoids of revolution and simple assemblies or 
combinations of these (Brown 1959, Aharoni 1959). 

The magnetization curve of a heterogeneous material 
can always, in principle, be interpreted as a combination of 
domain wall movements and rotations and we now describe, 
with a few examples, how the precise theory of the mag- 
netization curve can be used in some cases to interpret the 
structural state of some magnetic metals. 


Some examples of modern analysis of the materials using the 
magnetization curve 


One of the oldest relations in the theory of the magnetiza- 
tion curve has been that which has related internal stresses 
to either the initial permeability or the coercive force or the 
approach to saturation (Becker and Doring 1939). In some 
cases, magnetic analysis has been used to attempt to determine 
internal stresses. Qualitatively good agreement is obtained, 
especially for materials in which the magnetostriction constant 
is large and in which, therefore, the anisotropy energy which 
arises from stresses can be large compared with other contri- 
butions to the magnetization energy. However, if this 
agreement is examined more quantitatively it is found to be 
out by a factor of 3 or more even in a most obvious case, 
such as, for instance, pure nickel. This is not due entirely 
to the lack of success of the theory of the magnetization curve, 
but partly to the fact that internal stresses had not been 
critically analysed by metal physicists. The situation has 
changed substantially in the last few years mainly because 
Taylor (1938), and especially Greenough (1949), have analysed 
homogeneous internal stresses in polycrystalline materials in 
terms of directions of the individual grains. Briefly, this 
analysis shows that if a polycrystalline rod is homogeneously 
stressed, the distribution of internal stresses in the individual 
grains depends on their orientation with respect to the stress 
direction. In fact, if the lattice spacing, which is a measure 
of the internal strains, is measured by x-rays and that part 
which is due to homogeneous stresses is plotted against the 
angle which the grains present to the x-rays, this distribution 
is very close to that which would be theoretically expected 
on the basis of the Taylor and Greenough theory. It is 
therefore possible to take the line broadening of a poly- 
crystalline material which is a measure of the spread of 
lattice spacings and determine the mean value of internal 
stresses much more accurately now than was possible pre- 
viously. It is further realized that since the deformation of 
individual grains depends on the angle which they make 
with the stress direction, so will the change in magnetization, 
if it is due to magnetostriction. 

In pure nickel the case is simple because the magneto- 
striction is almost entirely isotropic and, therefore, for any 
given stress in any direction the change in magnetization is 
directly proportional to the applied stress. In iron, however, 
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the magnetostriction is very anisotropic, so much so that) 
is positive in the (111) direction and negative in the (14) 
direction. 

However, an analysis of the changes in magnetization aj 
function of orientation in a homogeneously stressed pa} 
crystalline bar of iron can be made by considering the méj} 
netostriction as well as the resultant stress for any gi 
grain as a function of direction, and it has lately been ps 
sible, in both nickel and iron, to relate the internal stres#| 
arising from homogeneous plastic deformation to the mé 
netic properties (Reimer 1956). Fig. 1 shows the result jj 


Stress [mag] (kg/mm?) 


Stress[X-ray](kg/mm?) 


Fig. 1. Comparison of internal stress determined fro 
x-rays with that derived from measurements of magnetizatio 
energy in nickel. 


a bar of nickel. The stress derived from x-ray line broadena} 
using the Greenough—Taylor theory is plotted horizontas 
and the stress derived from magnetization curve measu: 
ments (in this case, the energy of magnetization) is plott# | 
vertically. 

The point for zero x-ray stresses indicates that here 
correction has been made for the crystalline anisotroy} 
(K, = 5 x 10* corresponds to approximately 10 kg mm *} | 
pure nickel.) Otherwise, as can be seen, the two metha 
given show surprisingly corresponding results. In iron t 
crystalline anisotropy is very much larger than the stre 
anisotropy energy (corresponding to ~80kg mm?) a 
therefore, the magnetic data have been obtained by measuri 
the difference between the magnetization curves of 
unstressed and the stressed material. Thus the crystalli 
anisotropy is directly accounted for and the measuremer 
given only apply to that contribution which is due to ‘| 
stresses. The experimental results in the case of an ind 
specimen show very fair agreement up to fairly high inter 
stresses (Fig. 2). In both cases, the ideal state is indicat# 
by the solid line at 45° to the coordinate axes. 

The results of these researches show clearly that if tak: 
seriously and if examined sufficiently critically, magnetic stre 
analysis is possible and can lead to very accurate determi 
tion of homogeneous internal stresses. The distribution | 
stresses must, no doubt, have an influence on the magne? 
values and it must be concluded from examination of t) 
theory that stresses of the third kind, which are inho 
geneous grain boundary stresses and dislocation stresses, 
much less readily analysed by magnetic methods. | 

However, this has been attempted by a number of workel 
recently and some preliminary success has been achieved. — 
would lead a little too far to go into the entire theoretic 


| 
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jackground, especially since work is still proceeding and the 
‘hole matter is, at the moment, in a state of sensitive develop- 
_jient. It is, however, of value to indicate that the approach 
aD saturation in high fields when no domain walls are present 
‘/, the material must be a measure of the difficulty with which 


Stress [mag] (kg/mm?) 


0 10 20 
Stress [X-ray] (kg/mm?) 


Fig. 2. Comparison of internal stress determined from 
X-rays with that derived from measurements of the mag- 
netization energy in iron. 


! ne magnetization can be rotated into the field direction. 
Near disturbance centres, e.g. dislocations, etc., there are 
ery high amplitude short wavelength stresses, which have 


thifficult in small elements of volume. If we have no grain 
oundaries, we can attribute all these to strains arising from 
tilislocations and a preliminary analysis of the approach to 
aturation with these large localized strains can be made. In 
eneral, the theory of the magnetization curve indicates that 
ihe slope of the magnetization curve in high fields should be 
‘proportional to 1/H?. With large amplitude stresses in local 
reas a term with C,/H? can arise and C, should depend on 
jhe dislocation density and be proportional to the plastic 
‘tress, i.e. according to dislocation theory it varies with the 
jquare root of the dislocation density. Experiments on single 
(rystals of nickel have been carried out by Dietrich and 
{<neller (1956). Fig. 3 shows two of their curves. From 
hese curves it appears that with crystals which were stressed 
long one of the principal axes or in a direction near to the 


6 


Cin 10°C (cersted) 


Plastic stress (kg/mm?) 


- Fig. 3. Variation of the 1/H? term (C2) with plastic stress in 
single crystals of nickel. (The numbers on the curves refer to 
different crystals whose orientation is shown in the insets.) 
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direction of the principal axes, this theory gives very good 
agreement because the constant C, is very nearly a linear 
function of the plastic stress. When the stress is applied in 
intermediate directions, linearity is not so good but can still 
be considered to be quite fair. This work is continuing and 
some very promising further results are to be expected from 
a comparison of dislocation conditions with magnetic 
properties (Seeger and Kronmiiller 1960). 

Now let us consider inclusions or precipitates. The mag- 
netization curve theory has already, in its early days, related 
coercive force to inclusions. It was pointed out that 
inclusions would be acting on domain wall movement via 
resulting stresses. Kersten (1943) found that an important 
contribution to the domain wall energy could arise if the 
domain walls were considered to be attached to inclusions 
because of an effect similar to that of surface tension which 
makes soap bubbles stick to a grid or net. Néel (1946) 
reconsidered the Kersten theory and found that it was wrong. 
He found that the coercive force was not due to surface 
tension effects, but to magnetostatic fields which can arise at 
the surface of the inclusions. This whole question has been 
taken up in a very rational way by Dijkstra and Wert (1950) 
who have made plausible calculations of these effects in simple 
cases and have given a resulting theory of the coercive force 
due to domain wall movements in a magnetic medium con- 
taining non-magnetic inclusions. The calculation is relatively 
easy for spherical particles and has been given for such by 
Dijkstra and Wert. The resulting coercive force depends on 
whether the domain wall thickness 6 is greater or smaller 
than the diameter of the included spheres d or whether the 
two are approximately equal. The theoretical curves arrived 
at by Dijkstra and Wert for the domain wall coercive force 
of iron with spherical inclusions are shown in Fig. 4, together 
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Coercive force Hg (oersted) 
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Particle diameter (units of domain wall thickness §) 


Fig. 4. Theoretical coercive force in iron with spherical non- 
magnetic inclusions: (a) Kersten soap bubble model, 
(6) Dijkstra and Wert theory. 


with the coercive force as calculated by the earlier Kersten 
soap bubble model. Here one should note that the maximum 
coercive force is reached for a particle diameter d of about 
25 (where 6 is the domain wall thickness) and amounts to 
approximately 1 Oe. Experiments on iron containing carbon 
in solution were made by these authors and the coercive force 
plotted as a function of the particle diameter for spherical 
cementite precipitate in various concentrations and sizes. 
The result for a volume fraction « of 0-003 of non-magnetic 
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inclusions is shown in Fig. 5, where it should be noted that 
the measured maximum is at d ~ 1200A. HAgymaxy has a 
magnitude of about 2 Oe. According to a theory of diffusion 
worked out by Zener and checked by electron microscope 
observations at Purdue University (see Dijkstra and Wert 
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Fig. 5. Experimental variation of coercive force in iron with 


spherical non-magnetic inclusions. 


1950) the particles are spherical and their number can be 
estimated from the carbon concentration and annealing time. 
Magnetic theory shows that in iron the domain walls are 
about 1000 A thick and, hence, the agreement between theory 
and experiment is good to within a factor of 1 to 2. This is 
considerably closer than has ever been observed before and 
the Dijkstra and Wert results are the first confirmation of the 
inclusion theory accompanied by direct observation of the 
inclusions. 

Exciting results of a precipitation experiment can be 
derived by a consideration of the Stoner and Wohlfarth (1948) 
fine particle theory of single domain magnetization. Many 
examples of the validity of this theory can be quoted. Some 
work carried out by Berkowitz and Flanders (1957) at the 
Philadelphia Franklin Institute has here been chosen because 
these authors have exploited the theory in a rather profound 
and illustrative way. 

Berkowitz and Flanders examined a nickel—-gold alloy of 
about 25% nickel, quenched from a high temperature and 
annealed at 400° c. It was known from previous experiments 
that in such an alloy a ferromagnetic precipitate would come 
down in a non-magnetic matrix. Berkowitz and Flanders 
examined this precipitate in its initial stages, i.e. after about 
1% of the equilibrium amount had separated out. They 
were working with single crystals and measured torque curves 
after this initial precipitation treatment. The method of 
torque curve analysis evaluated from the detailed tables given 
by Stoner and Wohlfarth can give information about the 
precipitate as had been done by Bean and Meiklejohn (1956). 
It is clear that in an assembly of isolated single domains 
which are all orientated with easy axes in a given direction, 
the magnetization will exert a torque on this assembly in 
high fields. If, however, the precipitate particles are not 
aligned, no torque will be seen in high fields. 

In low fields, however, a torque will be measured which 
will depend on the direction of rotation of the sample during 
the recording of the torque curve as a function of angle 
because each particle tends to remain magnetized in its easy 
direction until a critical angle is exceeded at which it reverses 
suddenly. Therefore, the torque at low fields of such random 
particle assemblies tends to be constant and negative. At 
intermediate fields an angular distribution of torque may be 
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observed, but the distribution is asymmetric with regard} 


the torque axis and at very high fields the only distribut}) | 
remaining will be that due to any particle alignment, and a 


torque hysteresis will have disappeared. The rotatio 
hysteresis loss, i.e. the difference in torque curves In the t 
directions of rotation, has been calculated by Bean ajff 
Meiklejohn, and their theoretical curves are shown in Fig} 
both for assemblies of particles with coherent magnetizat}) 
rotation and with rotation that follows one particular ne 
coherent mode called the ‘fanning’ mode. The figure shc|ff 
that the analysis allows both the determination of the ani} 
tropy field, i.e. the shape or crystal anisotropy of the partici} 
as well as conclusions about the state of alignment. 
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Fig. 6. Rotational hysteresis loss W; as a function of field in 
units of ‘anisotropy field’ 2K/Js. 


SW, Stoner and Wohlfarth coherent rotation; JB, fanniaas 
mode of rotation; A, aligned particles; R, random particles# 
The analysis by rotational hysteresis has been carried f 

by Berkowitz and Flanders on the precipitate magng 

particles in a non-magnetic matrix and some of their expafs 
mental results are shown in Fig. 7 for two annealing ti 

i.e. for two different particle distributions. The torque cu | 

were taken both at room temperature and at liquid nitrog#! 

temperature. The field dependence of the rotational hystera f 

is shown in the figure, and can be compared with 


4.0 


oe 206 minute anneal at 400°C 
X——X measured at liquid nitrogen temperature D 
O---O measured at room temperature 

_ 161 minute anneal at 400°C 
O—A measured at liquid nitrogen temperature B 

28 O---O measured at room temperature A 


Rotational hysteresis (ergs) 


0 4 8 12 16 20 24 28 32 36 40 44 = 48 
Hx 10" (oersted) 


Fig. 7. Experimental rotational hysteresis curves for four 
specimens of magnetic precipitate particles (nickel) in a non+ 
magnetic matrix (gold). 
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jsemblance and Berkowitz and Flanders were able to analyse 


pee curve of Fig. 6. Whilst the experimental curves 


» not coincide with the theoretical ones they show a strong 


ye Curves in terms of a distribution of particles with different 
‘}operties. Fig. 8 shows the result of their analysis in terms 
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Anisotropy coefficient (k x 10°) 


Rotational hysteresis results of Fig. 7 analysed in 
terms of particle anisotropy, i.e. axial ratio. 


Fig. 8. 
# distribution of anisotropies in the various particles at both 
mperatures, demonstrating a satisfactory degree of agree- 
jent between the results of the analysis for the two tempering 
‘mes. The analysis shows that the majority of particles have 
‘isotropy coefficients of the order of 2 x 10~> which would 
‘rrespond to a value for the precipitate particles of about 
%5 for the ratio of lengths of the long to the short axis. 
nere was corroborative evidence in the experiments that 
‘is analysis corresponds with the facts. Examination of 
‘ese results enabled an insight to be obtained into the way 
| which the particles grow during precipitation, and it has 
jen concluded that at a lower temperature the crystalline 
luisotropy of the particles makes a significant contribution. 
|xis fact can be seen from Fig. 8. 
| From the torque curves measured at various fields one can 
rive the rotational hysteresis integral 


af aC) 


id the value of this allows a conclusion as to whether the 
agnetization is coherent or not. The rotational hysteresis 
tegral has values which vary from 0-4 to 10 for different 
jechanisms depending on the shape of the particles and on 
laether the rotation is coherent or not. An example of the 
lues obtained for two mechanisms is shown in the Table. 
isperience in the comparison of theory and experimental 
sults of particle magnetism soon enables us to assess what 
irticle shape we are dealing with when we know the 
rsteresis integral. 

All the magnetic evidence in this case was used to give the 
lowing consistent but not necessarily unique picture of 
e precipitation process. The precipitated particles fall into 
70 groups. One group, the larger one, of nearly spherical 
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Rotational hysteresis integral. Joma /H1). 


Theoretical values characteristic of mechanism of 
magnetization and state of alignment 


Model Alignment Value 
Coherent Rotation Random (Sph.) 0-380 + 0-005 
(C) or (B) 
Aligned or 0-415 + 0-005 
Random (PI1.) 
Chain-of-Spheres Random (Sph.) 1:02 + 0-01 
with Fanning 
(A) 
Aligned or 1:54 + 0-01 


Random (PI1.) 


shape, size 600-2000 A, axial ratio m< 1-5; in these the 
magnetization rotates incoherently and their speed of growth 
is fairly rapid. The other smaller group consists of acicular 
particles, with axial ratio greater than 2, diameter of 850A 
for m = 2 to 2500 A for m = 00, growing more slowly and 
having a coherent rotational mechanism. A portion of these 
is oriented along a [001] axis, the remainder are all oriented 
at random. 

Finally, another type of magnetic measurement should be 
indicated very briefly which can give information about 
particles or heterogeneous aggregates in alloys. This is the 
measurement of magnetic viscosity. If one measures the 
magnetization in a magnetic material and then applies a 
small change in field, there may be a time dependent variation 
in magnetic intensity. In general it is found that the magnetic 
intensity varies logarithmically and the constant of magnetic 
creep S, in the equation J = Slog t + C, can give informa- 
tion about the distribution and size of any domains with 
unstable magnetization. The energy for reversal in any given 
domain is related to the coercivity and to the internal field 
to which the particle is exposed, i.e. that arising from sur- 
rounding domains. Spontaneous reversal can take place if 
the thermal energy kT is approximately equal to this energy 
of reversal. Under certain special conditions the reversal 
energy of a particle can be such that it is equal to the thermal 
energy at some practically attainable temperature, and in 
such cases the magnetic viscosity can give some structural 
information (Biedermann and Kneller 1956). An analysis 
of this sort has been carried out in one or two special cases, 
especially in the case of the controversial copper—nickel-iron 
alloys and it has been found that in this case in a certain 
metallurgical state, the particle shape, size and composition 
could be determined from magnetic viscosity data. The 
criterion of the applicability of this method, once the particle 
character of the precipitate has been established, lies in the 
temperature variation of the coercive force as compared with 
that of the magnetic intensity. 

Full details here would lead a little too far into the theory 
but the matter is well understood and the above remarks are 
intended to indicate that sometimes quite unusual properties, 
such as the temperature dependence of the coercive force, 
may have to be measured in order to arrive at data permitting 
precise magnetic analysis. 

There are more ways in which magnetic measurements can 
help to identify inclusions, precipitates or stresses. In this 
review only a few isolated aspects of modern structure analysis 
using magnetic methods have been described. However, it 
has been shown that the state of the theoretical interpretation 
of experimental magnetic measurements has advanced very 
greatly in the last ten years and enables us now to give some 
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very precise information about structural properties in many 
cases. 
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Abstract 


Attempts to solve Maxwell’s equations for regions inside 
electrical conductors generally meet with insuperable mathe- 
matical obstacles, unless a uniform magnetic field can be 
assumed to exist. In many practical instances the field will 
be non-uniform, since it is generated by currents flowing 
along wires. The lack of formulae for realistic geometrical 
arrangements is keenly felt in two cases. They are the 
prediction of eddy-current power losses and the development 
of electromagnetic methods for non-destructive testing. 

A metallic body can be considered to consist of an infinite 
number of closed filamentary circuits, coinciding with the 
streamlines of induced currents. It is then shown, for the 
most general case, how to express the current at any point in 
the metal by an infinite series of increasing powers of the 
frequency of a sinusoidal current flowing in an energizing 
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filament. The coefficients of the series are functions 
conductor geometry, electrical conductivity and magni} 
permeability, but not of the current itself. This opens |} 
way to measurements on scale models, the long numerifi 
calculation of coefficients by digital computers and 
tabulation of normalized coefficients for geometrica} 
similar systems. 
Some possible causes of the ‘anomalous eddy-current lai 
in magnetic laminations are briefly reviewed in orderif 
illustrate the differing opinions that are still being held on # | 
subject. It would, therefore, seem advisable to re-exam 
the methods of measuring eddy-current losses with refere: 
to the theory of coupled circuits, and thereby deter 
whether the classical formulae are sufficiently good appid Hl 
mations. Experiments for this purpose are discussed. 
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Abstract 


,,he paper is concerned with the calculation and measure- 
lent of the stresses involved in the twisting together of 
vo cylindrical rubber rods, which may be taken as a 
,\todel of a two-ply cord. Two cases were examined: 
1 the first the rods are initially without twist, while in the 
\2cond they contain initial twist. The forces measured 
‘Ire the couple about the ‘cord’ axis and the tension along 
tis axis, as functions of ‘cord’ twist and ‘cord’ axial 
xtension. The forces are calculated on the basis of 
‘ivlin’s equations for the stresses in a rubber cylinder 
ubjected to combined axial extension and torsion, cor- 
2ctions being introduced for the effects of lateral 
ressure between ‘plies’ on the tensile force, the non- 
ircularity of section resulting from this lateral pressure 
n the couple due to torsion and bending, and for the 
ffect of torsion on the bending couple. 

For the case of zero initial twist in the rods the agree- 
zent between calculated and observed forces is good. 
Vhen initial twist is present, however, there are significant 
ifferences, which are not fully understood. 


1. Introduction 


N any theory of the physical properties of yarns and 

cords certain basic assumptions must be introduced 

regarding (a) the geometrical disposition of the filaments 
r other elements of the structure, (b) the physical properties 
f the filament material, and (c) the specification of the 
tresses and strains in the structure. On account of the 
omplexity of the problem, the verification of a theory by 
xperiments on actual textile yarns is not easy, firstly because 
(heir geometrical structure is fundamentally irregular (Riding 
{959), and secondly because the elastic properties of typical 
2xtile fibres are very imperfect, the stresses not being uniquely 
etermined by the strains. 
|), In order to examine the basic elements of the theory of the 
tresses in twisted filament assemblies, it has been thought 
/esirable to examine certain simpler systems in which these 
sifficulties are eliminated. For this purpose experiments 
jave been carried out with model yarns, employing vulcanized 
jubber filaments. This material has the advantage of pos- 
lessing almost perfect elastic properties, which can be simply 
\pecified. In addition, its low modulus and high extensibility 
permit the use of large ‘filaments’ which can more easily be 
isposed in a geometrically definable manner. 
| The present paper is concerned with the measurement of 
he stresses in a system comprising two cylindrical rubber 
lods twisted together, as in the formation of a two-ply cord. 
\"wo cases are considered: in the first the two rods are 
jnitially free from torsion, while in the second the rods 
lontain initial twist (analogous to singles twist in two-ply 
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cord), before being twisted together. For each of these 
systems the stresses measured are the tension along the ‘cord’ 
axis and the couple about this axis, for various values of 
axial extension and ‘cord’ twist. These are compared with 
corresponding values calculated theoretically, using the 
measured values of the parameters defining the geometry 
of the system and of the elastic constants of the rubber. 


2. Theoretical relations 


2.1. Torque-torsion relation for single rod. or a cylinder 
of rubber of unstrained radius by extended to A times its 
original length and subjected to a torsion 7 about its axis 
(measured in radians per unit strained length), the total axial 
force F, and axial torque M, may be satisfactorily represented 
by the equations (Rivlin and Saunders 1951, Treloar 1958). 


Ei 2mby?(A 2 a a 3) a br77b'(C =) (1) 


M, = rbo( Ci Fe 3). (2) 


A 

In these equations the constants C, and C, define the 
elastic properties of the rubber in a large deformation of the 
most general type. (Individually these constants have no 
analogue in the classical, i.e. small-deformation, theory of 
elasticity, but the quantity 2(C, + C,) is equivalent to the 
modulus of rigidity in simple shear.) 

2.2. The geometrical parameters. By analogy with the 
nomenclature of textile cords, the assembly of twisted rods 
will be referred to as a ‘cord’, and the individual component 
rods as ‘plies’ (Fig. 1). The application of Eqns (1) and (2) 


CORD AXIS 


PLY AXIS 


Fig. 1. Force diagram of corded rods. 


F, tensile force on rod axis; M, couple due to torsion; G, couple 
due to bending. 
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requires a knowledge of the ply axis length A (referred to 
unit unstrained length) and of the torsion 7 in the ply. These 
are obtainable from the geometrical parameters defining the 
twisted state and the initial torsion in the single rods. 

The value of A is given by 


A= A, sec a (3) 


where A, is the ratio of the cord axis length to the length of 
the unstrained single rod, and « is the cord helix angle. The 
latter is related to the cord twist N (turns per unit length of 
cord axis) and cord helix radius a by the equation 


tan « = 27rNa. (4) 


Since A, and WN are directly measurable, while a is assumed 
equal to one-quarter of the outside cord diameter (Fig. 1), 
the ply axis extension ratio A is thus determined. 
The absolute torsion 7 in the ply is given by (Treloar 1956) 
hes 
7 = S$ += sina cos a (5) 


A 


where 7) is the single rod torsion (in radians per unit 
unstrained length). The first term on the right-hand side of 
Eqn (5) represents the contribution due to the initial singles 
torsion, while the second represents the contribution due to 
the tortuosity of the ply axis. 

2.3. Components of force and couple in ply. Consider any 
plane section of the ply normal to the ply axis. The external 
forces acting on this plane to maintain the state of equilibrium 
are (i) a tensile force F normal to the section, (ii) a couple M 
about the ply axis and (iii) a couple G (bending moment) 
about an axis normal to the plane of curvature. These 
forces are shown in Fig. 1, their positive senses being indi- 
cated by the arrows. 

Eqns (3), (4) and (5) define the values of A and 7, the 
extension ratio and twist in the ply, in terms of the measured 
quantities A,, N and a. To obtain the force F; acting across 
the section of the ply in the direction of the ply axis, and the 
couple M, about the ply axis, these values are introduced 
into Eqns (1) and (2). This assumes that these equations 
remain valid when the axis of the rod is no longer straight, 
an assumption which is strictly justified only when the 
curvature is small. 

The tensile force F,; assumed to act along the ply axis has 
components F; cos x in the direction of the cord axis and 
F, sin « in the direction perpendicular to the cord axis and 
to the radius to the ply axis helix (circumferential component). 
The total force F, along the cord axis due to the two plies is 
thus 


F, = 2F, cos a. (6) 


The circumferential component F; sin « gives rise to a 
total couple about the cord axis of amount 


2F, asin «. (7) 


The couple M, about the ply axis may be resolved into 
components M,cos« about the cord axis and M, sin « 
about the circumferential axis. For the two plies the cir- 
cumferential components cancel out. The component about 
the cord axis due to the two plies is 


2M, cos «. (8) 


In addition to these two components, there is a third com- 
ponent G due to the bending of the ply axis. Since no com- 
plete theory of the problem of the bending of a circular rod 
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subjected to large deformations is available, this compone} 
is calculated from the classical (small-deformation) thea} 
by means of the formula 


G = Ellp | 


where E is the Young’s modulus, / the moment of inertia || 
the cross section, and p the radius of curvature. For |f 
however, the value used is not that corresponding to tl 
unstrained state (as in the classical theory) but the effecti 
longitudinal modulus of the rubber in the stretched sta : 
for a small superimposed deformation. This is given by 
where 

GF lak, A 
dl A di A 


where F; is the tensile force on a rod of length / and area | 
measured in the strained state. Putting 7 = 0 in Eqn (J 
and differentiating, we obtain 


dF ef 
= 27h 4a,(1 a =) a ot ( 
This refers to a rod whose initial radius is bg and who 


cross-sectional area A in the strained state is (from ty 
condition of constancy of volume), 


A = 7bp?/X. oul | | 
Insertion of (11) and (12) in (10) gives | 


i= 


De 2C,(2 + 5) re oat 


ome 


This is the effective modulus in the axial direction for a rq 
without twist, at the extension ratio A. For a circular rod 
radius b (in the strained state) the value of J is 


1 = 74/4. | 


Substituting Eqns (13) and (14) in Eqn (9) we obtain for t 
bending moment 


6C 

G,= mil aci(% + 5) + ot. @ 
This couple acts about an axis normal to the principal pla 
of curvature of the ply axis, i.e. about an axis inclined at ai# 
angle $77 — « to the cord axis. It may therefore be resolvai# 
into a component couple about the cord axis of amoulf/ 
G sin «, and a component couple about a circumferental) 
axis of amount Gcos a. For the two plies the two circu 1 
ferential components cancel out, and the resultant ax 
couple is 


2G, sin a, ad ) 


The total couple M, about the cord axis due to the tensa}} 
force F;, the torsional couple M, and the bending mome: 
G, is therefore, from Eqns (7), (8) and (16), 


M, = 2M, cosa + 2Fyasina +2G,sina. (if 


2.4. Corrections to above formulae. The use of the for 
going formulae may lead to significant errors, particularly |} 
high values of cord twist. These errors arise primarily fro 
the curvature of the ply axis, which introduces a later# 
pressure between the two plies. 
pressure are (a) to reduce the force along the ply ax 
required to maintain a given extension of the ply axis, 


(6) to produce a distortion or flattening of the cross secti of 


oe 
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xis and the bending moment. The distorted section may be 
ipproximated by an ellipse having major and minor semi- 
ixes b, and 6). Experimentally b, is taken to be equal to a 
|Fig. 1) while 5; is obtained from measurements of the ply 
,|liameter in the perpendicular direction. (At the highest 
{wists values of b,/b, as high as 1-32 were obtained.) 

_, Corrections have been worked out for (i) the effect of the 
,jateral pressure on the tensile force F, along the ply axis, 
|i) the effect of non-circularity of section on the torsional 
jouple M,, and (iii) the effect of non-circularity on the 
‘pending moment G;. In addition an attempt has been made 
iv) to correct the value of E, (which is involved in the cal- 
(ulation of G,) for the effect of torsion. The calculations of 
hese corrections, which are given in the Appendices, are 
.)ssentially rather crude, but should be sufficient to enable 
,|m estimate of the respective orders of magnitude involved 
o be made. From the numerical values of the corrections, 
siven later, it appears that the only one which is of real 
ignificance in the present experiments is (i). 


3. The experimental arrangement 


| The experiments involved the measurement of axial 
ension and torsional couple in both the single rod and the 
wo-ply ‘cord’. The apparatus used for these measurements 
|s shown diagrammatically in Fig. 2; A is a rigid mounting 


| Fig. 2. Diagram of apparatus used for measurements of axial 
tension and torsional couple. 


0 which was attached the upper clamp B which could be 
‘otated about a vertical axis. The lower clamp C was 
‘igidly fixed to the drum D of 6cm diameter. Rotation of 
his drum was limited by threads attached to the calibrated 
‘prings E. The length of the specimen S (single rod or cord) 
yetween clamps was 25cm; measurements of strain para- 
meters were made on a 10-cm marked length a c, by means 
xf a low-power microscope, whilst the twist was obtained 
rom the number of turns in the 20-cm length a b. Before 
nounting, the rods were stretched to twice their length and 
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released about twenty times; measurements of the unstrained 
dimensions (length and diameter) were made after this 
preliminary treatment. 

The rubber used was a commercial pure-gum vulcanized 
rod of diameter 5 mm and specific gravity 1-048. 


4. Numerical calculations 


From the measured geometrical parameters of the cord 
and the values of C, and C, determined experimentally, as 
described in the following paragraph, the components F, M 
and G were calculated, using the formulae given in Section 2 
together with the corrections set out in the Appendices. The 
contributions to the total cord torque were calculated by 
means of Eqns (7), (8) and (16), in which F,, M, and G, are 
replaced by the corrected values F, M and G. The separate 
components of torque thus calculated are shown in Figs 4, 
5, 7 and 8, together with the total torque, obtained by sum- 
mation of these components. The calculated values of axial 
load are given in Figs 6, 9 and 10. 

The effect of the various correction terms on the com- 
ponents of the total torque is shown in the accompanying 
Table, which refers to the experiments with zero single rod 
torsion. It will be seen that all the correction terms increase 
in importance with increasing twist, and that the most 
serious is that due to the effect of lateral pressure on F. The 
corrections due to the effects of torsion in the ply and non- 
circularity of section respectively on the bending couple act 
in Opposite senses and nearly cancel each other out. 


5. Extension and torsion of single rod: determination of 
elastic constants 


The experiments on the combined extension and torsion 
of a single rod involved the measurement of axial couple as a 
function of twist, at constant axial length. This necessitated 
adjustment of the load ZL for each value of twist. The 
relations between axial couple and torsion in the rod, for 
various values of the extension ratio A, are shown in Fig. 3; 
these are approximately linear, in agreement with Eqn (2). 
The inset is included to show that this linearity is maintained 
up to values of torsion equal to the highest encountered in 
the doubled rod experiments. (This occurred in the case in 
which the initial single rod torsion was —7-11 rad/cm, where 
the ply torsion reached a value of —6-:08 rad/cm with a ply 
extension ratio of 1-56.) 

The degree of reversibility of the torque is indicated by 


50 


40 


GR. CM.) 
wo 
° 


20 


TORQUE 


Sos! TORSION (RADIANS CM) 
Fig. 3. Torque plotted against torsion in single rod at exten- 
sion ratio (1) 1-01, (2) 1-19, (3) 1-38, (4) 1-61, (5) 1-85 and 
(6) inset, 1:59. The origin is displaced 0-2 rad/cm at each 
extension ratio. O twist increasing, + twist decreasing. 
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Table of corrections to the cord torque (zero single rod torsion) 


THE ‘DOUBLING’ OF SINGLE RODS 


Cord torque Effect of lateral Effect of non- Effect of non- hid Ee phe Piss: | | 
Cord extension’ Cord torsion: (uncorrected) © | Press 0) MY GOA a BS CAmi| | 
0:62 38-31 —0-05 0:00 0-00 +0-01 — 0:04 —0-:} 
hos} 85-40 —0:54 0-00 —0-21 +0-21 — 0°54 —O 
1-01 1-87 135-40 —2:31 0-00 —1-04 +1-10 — 2-25 —h] 
2:50 184-27 —5-83 0-00 —3-06 +2-84 — 6:05 —3>] 
Shout y2 219-71 —9-74 —0-49 —6:23 +5:°55 —10-91 —5-@ 
0:39 47-32 —0-05 0-00 0:00 0-00 — 0:05 —0- 
0-77 90-61 —0-41 0-00 —0-03 +0:-01 — 0:43 —0°; 
1-16 132-79 —1-30 0-00 —0-13 +0:-05 — 1:38 —it 
1-64 1-54 171-14 —2:75 —0:7 —0:44 +0-18 — 3-72 —2:4 
1-93 202-50 —4-52 —1-67 —0-89 +0:45 — 6°63 —3-1 
Aoshi 228-73 —6:54 —2:-90 —1-74 +0-93 —10-25 —4:) 
ERY AI SOSY, —9-07 —4-24 —2-90 +1-64 —14-57 —5:7 


the points obtained during untwisting of the rods, which are 
shown in Fig. 3. 

To obtain the values of the constants C, and C, in Eqn (2) 
the quantities M/mbo*r, obtained from the slopes of the 
lines in Fig. 3, were plotted against 1/A. In accordance with 
Eqn (2) this should yield a straight line, whose intercept on 
the axis A = 1 is equal to C, + C, and whose slope is C). 
Five sets of values of C, and C, were obtained. From the 
nature of this experiment the value of C; + C, can be 
obtained more accurately than the values of C; and C, 
separately. (Conversely, the individual values of C, and C, 
have a smaller effect on the calculated values of the stresses 
than does their sum C,; + C,; their lower accuracy is there- 
fore less significant.) For C, + C, the values obtained were 
within +3%, while for C, and C, separately the scatter was 
much greater. The mean values obtained were 


C, = 1-64kg/cm2, C, = 0:62kg/cm2, C; + C, = 2:26 kg/cm?. 
(18) 


6. Experiments on corded rods 


6.1. Without initial twist in single rods. The two rods 
were mounted parallel to each other between the clamps B 
and C (Fig. 2) with the reference marks on the same hori- 
zontal line. For each value of cord twist the axial load was 
adjusted so as to keep the axial extension ratio A, constant. 
The axial length was measured on a travelling microscope, 
which was also fitted with an eyepiece scale for the measure- 
ment of the cord diameter 4a and the larger ply diameter 25, 
(Fig. 1). Mean values of several measurements of these 
quantities along the length of the cord were used. The 
experiment was carried out at six values of A, ranging from 
1-01 to 1-64. The results for the two extreme values only 
are reproduced here; the remaining data were intermediate, 
and their inclusion would not reveal any features which are 
not brought out by the results actually reported. The maxi- 
mum cord twist employed corresponded to a cord helix 
angle of about 33°. The relationship between cord torque 
and cord torsion for these two values of axial extension is 
given in Figs 4 and 5, and the corresponding values of 
axial load in Fig. 6. 

6.2. With initial twist in single rods. The initial twist was 
inserted in the single rods by clamping them side by side at 
one end and rotating the other ends independently through 
the same number of turns. The top ends were then locked 
together and the cord twist inserted in the usual way. Two 
experiments were carried out; in the first the single rod 
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TORQUE (GM. CM) 


\ 2 
CORD TORSION (RADIANS CM7) 


Fig. 4. Torque plotted against torsion in corded rubber rod}; 
Rods initially without twist. theoretical. O experij! 
mental. Cord extension ratio = 1-01. 


torsion was —2-21 rad/cm and the axial extension ratio 1: 
while in the second the single rod torsion was —7-11 rad/j 
and the axial extension ratio 1:48. The negative sign imp}! | 
that the singles twist is in the opposite sense to the posi 
cord twist. (The second experiment included both posi 
and negative cord twists.) The relation between cord tora} 
and cord torsion is given in Figs 7 and 8, and the co 
sponding values of axial load in Figs 9 and 10. 

The calculated curve of Fig. 10 is carried beyond the ra 
of the experimentally applied torsion in order to show 
maximum and minimum. This calculation involved a sniff) 


2Fasin x 


TORQUE GM. CM) 


1 ; 2 
CORD TORSION (RADIANS CM7!) 


Fig. 5. Torque plotted against torsion in corded rubber rods 


Rods initially without twist. 


— theoretical. 
mental. 


© experif} 
Cord extension ratio = 1:64. 
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trapolation of the measured values of a. Any possible 


«|rors in this extrapolation would not be sufficient to alter 
‘ne general form of the calculated curve. 


IQN (GM) 


CORD AXIAL TENS! 


cord TORSION (RADIANS CM-') 
Fig. 6. Axial tension plotted against torsion in corded rubber 
Extension ratios, (a) 1-64 
O experimental. 


rods. Rods initially without twist. 


and (6) 1-01. —— theoretical. 


| 


Rods initially twisted. —— theoretical. O experimental. 
| Cord extension ratio = 1:14. Initial single rod torsion = 
— 2-21 rad/cm. 


° 1 2 ee 
CORD TORSION (RADIANS CM~') 


Fig. 8. Torque plotted against torsion in corded rubber rods. 
Rods initially twisted. ——— theoretical. O experimental. 
Cord extension ratio = 1:48. Initial single rod torsion = 


— 7:11 rad/cm. 

vw 
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5 600) 

& ‘CORD TORSION (RADIANS cM”) 

Vv 
Fig. 9. Axial tension plotted against torsion in corded rubber 
rods. Rods initially twisted. -——— theoretical. O experi- 
mental. Cord extension ratio = 1:14. Initial single rod 


torsion = — 2:21 rad/cm. 
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(GMs.) 


iy 
3° 
fe) 


CORD AXIAL TENSION 
T 


° ' 2 3 
CORD TORSION (RADIANS CM) 


Fig. 10. Axial tension plotted against torsion in corded 


rubber rods. Rods initially twisted. ———_ theoretical. 
© experimental. Cord extension ratio = 1-48. Initial single 
rod torsion = — 7:11 rad/cm. 


7. Comparison of calculated and observed forces 


7.1. Cord torque. In the case of zero single-rod torsion the 
calculated and observed values of cord torque are in close 
agreement, except at the highest twist. When single rod 
torsion is present there is a small but consistent discrepancy 
over the whole range of cord torsion. This discrepancy is 
such that at zero cord torsion the observed couple is 
numerically lower than that calculated. At this point the 
couple is simply that due to the straight twisted rods, and 
the discrepancy can only be interpreted as a lack of repro- 
ducibility in the stress-strain properties of the rubber. This 
discrepancy, and hence also the discrepancies at other values 
of cord torsion, is consistent with a greater degree of stress 
relaxation in the experiments involving cord torsion, compared 
with the single-rod experiments—a not unreasonable sup- 
position in view of the longer time taken. 

7.2. Cord axial tension. Comparing the values of axial 
tension, we find fairly close agreement with theory for the 
case of zero single-rod torsion. For the case when single-rod 
torsion is present, however, the deviations are larger, parti- 
cularly at high values of cord torsion. These deviations 
may arise either from the non-fulfilment of the assumptions 
upon which the theory is based, or from the admitted 
inadequacy of the theoretical treatment in the case when the 
curvature of the ply axis is large and the departure from 
circularity of the section considerable. It would not appear 
profitable at the present stage to attempt a more exhaustive 
analysis of the theoretical problem, but it is hoped that 
further work, involving multi-filament yarns, will enable a 
more balanced assessment of the adequacy of the present 
type of theory to be obtained. 


Appendix 1 
Correction of the tensile force in the plies due to lateral pressure 


A lateral pressure exerted on the curved surface of a 
cylindrical rod will tend to cause an elongation in the axial 
direction. If the rod is subjected also to an axial tension, 
the effect of the lateral pressure is to reduce the axial tension 
required to maintain a given axial extension. The effect on 
the axial tension may be obtained by superimposing a negative 
hydrostatic pressure so as to reduce the mean lateral pressure 
to zero. For a material having volume incompressibility 
this does not affect the state of strain. 

The effect will first be obtained for a curved rectangular 
strip; this result will then be applied to the case of a rod of 
elliptical section. 
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Rectangular strip bent into a cylinder. Consider a rect- 
angular strip bent into the form of a cylinder having the 
section shown in Fig. 11. Let X be the thickness, p the 
radius of curvature of the neutral axis and 26 the (small) 
angle subtended at the cylinder axis. The dimensions 


A 
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ie / 
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LG 
Se rf 
ae 4 
N47 
Fig. 11. 


parallel to the axis will be taken as unity. The tensile stress f, 
acting on the end surface will be assumed to be constant. If 
p is the pressure in the radial direction, the radial force 
acting on a surface at the radial position r is p(2@r). The 
resultant outwardly directed radial force acting on a shell 
of radial thickness dr is therefore 


—26{(p + dp)(r + dr) 


pr} = — 20(pdr + rdp). (A1) 
For this to be in equilibrium with the sum of the radial 
components of the tensile forces t,dr acting at each end, it 


follows that 


2t,O0dr = — 26(pdr + rdp) (A2) 


or r= = — t; — p. (A3) 


Integration subject to the boundary condition p = 0 when 
r=p+4X gives 


pan( 1) 


Eqn (A4) represents a linear rate of fall of pressure from a 


(A4) 


maximum at the inside surface to zero at the outside. The 
pressure P on the inside surface has the value 
a€ 
pe ee 
ay (A5) 


The mean value of the radial pressure throughout the speci- 
men is }P, which, for small curvatures (4X <p) may be 
written 


P=4P ~ t,X/2p. (A6) 

It will now be assumed that for the purpose of calculating 
the effect of the lateral pressure on the tensile stress, the 
actual pressure distribution may be replaced by a constant 
pressure P equal to its mean value. (This will be true for 
small values of P.) The resultant state then corresponds to a 
homogeneous stress, with principal (tensile) components las 
ty and f3 (Fig. 12) having the values 


ht 
=O _ (A7) 
t3 = — P. 
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Superimposing a hydrostatic pressure —4P, the cag 
sponding principal stresses become 


Tio — ty eae i 
hp oh ee 
ty = a 


the mean lateral stress 4(t29 + 39) is now zero, but the sj 
of strain is unchanged. Thus fo is the tensile stress 1 
would have to be applied, with zero mean lateral stresses 
maintain the same strained length of the specimen. 
It does not follow immediately that the tensile stress} 
corresponds to that for a rod in simple extension. For 
to be so it is necessary that the presence of the lateral strez 
too and f39 in (A8) shall not affect the tensile stress t49, fc 
constant extension ratio A, in the direction of the rod a 
This is certainly true for small deformations, since the 3} 
lateral stresses are equal and opposite (corresponding t} 
shear stress). For large deformations it is no longer exa 


i 


to 


ty 


t3 
t2 


Fig. 12. 


true, but it is easy to show that the effect of the transve 
stresses on the tensile stress required to keep A, constanfI 
proportional to the square of the lateral strains, and hey 
is not important unless these are comparatively large. |]j 
the present experiments the highest ratio of major to mini} 
axes was 1°32. With the experimental values of C; and | 
this would give a maximum change in f,9 of only 0-25# 
which is negligible. | 

We may therefore assume that the relation between 
tensile stress t;g as calculated for a straight rod and 
actual tensile stress t; in the curved rod is represented 
the first of Eqns (A8). Inserting the value of P from ( 
this yields 


ho = 4(1 +3). ( 
a 


Rod of elliptical section. Consider a rod of circulf! 
section subjected to axial extension and bent into a circu | 
arc of radius p. We will assume that its section in th 
deformed state is an ellipse (Fig. 13) having principal ser 
axes b, and bp, the axis b, lying in the plane of curvature. 


in the case of the rectangular strip, let t,9 be the stress, and! 


the corresponding axial force required to maintain the ax i] 
extension in the case when the mean lateral stress is ze 


Vor. 12, Aprm 1961\| 


‘ind t, the mean stress on a strip of thickness 2x and width dy 
ferred to axes coinciding with the principal axes of the 
lipse. Applying the above result for the rectangular strip 
1¢ tensile force df on this strip is 


2xdy 
df = t,2xdy =t ? 
| f = t\2xdy 107 2x4 (A10) 
ihe total force over the section is therefore 
’ s 
dy 
+ 2 J eee All 
hi Ore A (A11) 
.| p is large this is approximately 
by x2 
=f (6-8) 
iia 10 : 3% 2p dy (A12) 
4 byb 
= tio( mbib2 -3 “12 ) (A13) 
utting fo == Tb bot 105 
4 by 
TAG | 
ip fol =e (A14) 


1 this expression fo is the axial force when the mean lateral 
ress is zero, i.e. when fy) and f39 have equal and opposite 
jalues, as in (A8). It is these residual stresses, which together 
jonstitute a shear stress, that maintain the lateral strain, i.e. 
ie ellipticity. If these lateral stresses are removed the rod 
jturns to its original circular shape, but the tensile force 
t constant axial extension) is unaffected. Hence fp is the 
jrce required to produce the same axial extension in a 
jraight circular rod. 

’ The above argument assumes that the strains associated 
‘ith the lateral curvature may be dealt with on small- 
‘eformation theory. This implies that the radius of curvature 
| large compared with the radius of the rod, and that the 
Mipticity is small. In our actual experiments this condition 
‘las not always satisfied, but since the effects here considered 
--e only brought in as a correction to the large-deformation 
heory, this imperfection should not be serious. The reason 
‘yr including the elliptical, rather than the circular section 
4, the analysis is that it shows that the significant dimension 
‘yr the calculation of this correction is the minor axis b, 
‘vther than the mean radius bg//A. 


Appendix 2 


} Corrections due to non-circularity of section of the rods 


(a) Torsional couple M. For a homogenous, isotropic, 
iiastic material of elliptical cross section, the twisting couple, 
a the basis of the classical (small-strain theory) is (Love 


pth ,>b,° 


Bee oy 


jhere b, and b, are the major and minor semi-axes of the 
\lipse, 7 is the torsion and p is the modulus of rigidity. For 
}, = 5) = r this reduces to the usual form 


Sutar*, (A16) 


| he large-strain equivalent of (A16) is 


(A15) 


(G 
M, = TT Ci sr C244 == TT C; = aes (A17) 


A 


here by and r are the unstrained and strained radii, respec- 
ely. It will be assumed that the correction for non- 


Vor. 12, Aprit 1961 


153 


RUBBER MODELS OF YARNS AND CORDS; THE ‘DOUBLING’ OF SINGLE RODS 


circularity in the case of large strains involves the replacement 

of r* by the same function of b,; and by, as in the classical 

theory. The result is then 
M=77C; + /* (A18) 


where 5, and b, are the radii measured in the strained state. 
We may write 


2\7b,3b3 _ ini ee 2b,/b> 
by? + by 14.5,2/b2> 4 * ~~ 142 6,2/b,2 


since for an incompressible material Ab;b, = bo”. It follows 
from Eqns (A17) and (A18) with (A19) that 


M _ sealbe pe ee, (4 _ a) (A20) 
My 1 -Eb/b Weg by 
where M, is calculated from Eqn (2). 

(It is assumed in the above treatment and also in para- 
graph (4) below, that the ellipticity of section is present in the 
unstrained state. Actually, the unstrained section is circular, 
and the ellipticity is produced by the forces acting on the 
system. In small-deformation theory this would not affect 
the result, but this cannot strictly be assumed in the case of 
large deformations.) 

(6) Bending couple G. Assuming that the longitudinal 
modulus remains unchanged, we are concerned only with the 
change in shape of the cross section. 

The derivation of the bending couple G, (Eqn (15)) was 
carried out on the basis of a circular cross section of radius b, 
calculated from the unstretched radius by and the extension 
ratio A. From the classical equation for small strains, 


G = El/p. 


2b/b2 


byt (A19) 


(A21) 


For a circular section J = 7b*/4; the uncorrected couple G, 
is therefore 


G, = Emb4/4p. (A22) 


For an elliptical section of semi-axes b; and 6, with b, in 
the plane of curvature 


I = 41b,b,. (A23) 


From Eqns (A21) and (A23) the corrected bending moment 
Gis 


Also ab? = tb,b>. (A25) 
Comparing (A24) with (A22) we thus obtain 
3 
Gage ie the Baath (A26) 


G, bb, by q 


Appendix 3 
Correction due to the effect of torsion on bending couple 


To investigate the effect of torsion on the bending of a 
stretched rod, the rod may be considered to be composed of 
a number of cylindrical shells, whose moduli (parallel to the 
axis) are a function of their radii. The contribution of a 
given shell to the bending couple will be taken to be given 
by the usual small-strain formula; the total couple is then 
obtained by integrating with respect to the radius. The 
resultant mean effective modulus for bending is, of course, 
different from the mean effective modulus for simple extension 
of the twisted cylinder, since, in the case of bending, the 
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contribution of a shell depends not only on its cross-sectional 
area but also on its radius. 

Modulus of shell. The modulus of a shell for a small 
superimposed extension may be obtained from the stored- 
energy function. For a shell of radius rg in the undeformed 
state subjected to an axial extension in the ratio A, so that its 
radius in the strained state is r = ro/A}, together with a 
torsion 7 per unit length, measured in the strained state, the 
stored energy per unit volume is (Rivlin cs 


W= c(? sae 


sa et 3) ae 0,(22+5 + +749? ~3). 


\2 
(A27) 


If @ is the angular rotation per unit length, referred to the 
unstrained length, then 7 = @/A. In terms of @ the above 
equation becomes 


2 + Org? i i+ Or 4 
3) ! C,(24 + ye 3). 


(A28) 


We c,(% as 


For a further extension /pdA at constant @ the change in W 
is equal to the work done by the applied force f, namely 
flgdA, where Ip is the initial unstretched length.* Hence, if Ap 
is the initial cross-sectional area, 


fIgdA — Aolod WwW 
dw 
or f= Ao( Sy )e 


The differential Young’s modulus for the extension / dA is 
the ratio of the increment of force per unit strained cross- 
sectional area to the increment of length per unit strained 


length, i.e. 
oaf 
ae AIS ras dr) ¢ 


where Ay ( = 27rodro) is the unstrained area of cross section. 
Coinbining this result with Eqns (A29) 


(A29) 


(A30) 


Ex, = d2(d2W/d a2). (A31) 
From (A28) we obtain 
d?w a 62 
Ey ( ae ) 20,(2? + Be rer : oe eee 
(A32) 


* In the case of a twisted rod, the quantity of fis not the force 
actually exerted on the annulus as it exists in the rod, but the force 
which would be exerted on this annulus if the shell were removed 
from its surroundings. The actual force is not related to the 
change in W by Eqns (A29), since work is also done by the other 
components of force (radial and azimuthal) present in the rod. 
A more fundamental analysis (in which the work done by the 
bending couple is related directly to the stored energy) is required 
fully to justify the simplified treatment given above. 
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Expressed in terms of 7 and r this becomes 1h 
2 1 i} 

i 2¢,( ees M731?) EY 602(3'+ dr?) (A 

| 

Integration with respect to radius. If dG is the contributi 


to the bending couple when the elementary shell is bent q 
such a way that the axis has a radius of curvature p, then 


dG =-Fjl/p 


where J = zr3dr. The total couple for the whole rod) 


therefore 


b 
G = Gilp) | Exar Ce! | 


where b is the radius of the rod in the deformed state. 
Substituting Eqn (A33) for &, and integrating, we obtai}} 


i mt aci(m + 5) _ eh 42 


i.e. 


G=G,+G, (AZ 


ab4 2 6 
at lea(e+d) fo} 
is the bending couple for the untwisted rod derived in 
text (Eqn (15)), while 

Gz = (ab°/6p){2AT2(AC, + 3C>)} (AG 
is the additional couple due to the torsion. The correctii}) 
due to torsion is thus 

G, 2A(AC, + 3C>)77b? 

G, 3C,(A2 + 2/A) + 9C,/Az” 


It is seen that this correction increases as the square of 
torsion. 


where 
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Abstract 


\G, 


\he finely divided magnetic solids, encountered in dense 
edium coal preparation and iron-ore beneficiation plants, 
low a wide variation in their residual magnetism after 
me ose through an alternating current demagnetizer. 

igh residual magnetism is associated with considerable 
;|scillation of the suspended particles in the alternating 
jiagnetic field. It is shown that this behaviour cannot be 
“ambiguously correlated with the magnetic properties of 
jte bulked material, and a test based on settling character- 
{tics is preferred as a means of differentiating the 
laterials. 


1. Introduction 


e.g. in coal preparation by separation in dense medium 
baths and in iron ore beneficiation plants employing 
jcinding and size separation, is the demagnetization of small 
»rromagnetic particles in aqueous suspension to reduce their 
jocculation to aminimum. The normal method of demag- 
‘Yetization, by the application of an alternating magnetic 
eld of sufficient strength to remove previous magnetization 
jnd the subsequent gradual reduction of this field, does not 
lways give good results. In the sub-sieve size range there 
, a close balance between the magnetic couple tending to 
dtate the magnetized particle and the forces tending to 
fparrange the domain structure. Whether or not the particle 


h A N important problem in the mineral dressing industry, 


hertia, proximity to other particles, the medium viscosity, 
jie magnetic characteristics and the alternating current 


| Hartig et al. (1951) considered the coercive force pH¢, 
/neasured on the bulked powder, to be the main criterion for 
uch rotation and gave a limiting value of 100 Oe, and other 
vorkers (Onstad and Foot 1954, van der Walt 1957, Williams 
ind Hendrickson 1956) have since accepted this correlation. 
\lowever, a preliminary investigation showed that the 
jnagnetic properties, including the coercive force, are a 
unction of the particle size (Fig. 1), which would indicate 
aat Hartig’s criterion was incomplete. The work described 
}1 this paper was carried out to determine how the coercive 
lorce and the other bulk magnetic characteristics of a variety 
f magnetic powders, of different sizes, affects their demag- 
etization in suspension. 


2. Measurement of the residual magnetization and 
demagnetization efficiency 


No reliable and simple method (Morrish and Yu 1956a, b) 
s available for the examination of the external field associated 
vith small particles, after incomplete demagnetization and 
qdirect methods have to be employed. Where several 
aagnetized particles are in close proximity they form an 
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agglomerate, the size of which governs the settling rate in 
suspension. An increase in the size of the agglomerates 
increases the settling rate, which may therefore be used as 
an indirect measure of the efficiency of demagnetization. 


300 4 


Pesaro + 


Ww 


7 
200 5 


Coercive force (Oe) 


Maximum permeability 


Nm 


40 
Mean particle size (u) 


(a) Coercive force and maximum permeability. 


e = intrinsic coercive force. 
a — — — = technical coercive force. 
-—-++ +-—-+— = maximum permeability. 


Remanent induction (G) 
Hysteresis loss x 10 “(erg cycle‘ cm’) 


Mean particle size (1) 


(6) Remanent induction and hysteresis loss. 
x = remanent induction. 
O = hysteresis loss. 


Fig. 1. Variation of magnetic properties with mean particle 


size. 


Hartig et al., working with low concentrations of solids 
(3 to 5% by volume), used as a criterion the time required 
for the formation of a visible interface after shaking. The 
presence of non-magnetic particles interferes with the 
observation of the interface, and Williams and Hendrickson 
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modified the method for use with mixtures of magnetic and 
non-magnetic materials, by weighing the solids contained 
above and below a fixed level in the settling tube after a fixed 
time. At higher volume concentrations (greater than 10%) 
such suspensions generally settle with a sharply defined 
interface, even when they contain non-magnetic particles. 
For any magnetic state the settling speed of this interface is 
reasonably constant and reproducible, and this was used as 
a measure of the residual magnetism throughout the present 
work. The absolute values of the settling speeds do, of 
course, depend on the particle size distribution and the 
density of the sample, as well as on its magnetic history. In 
order to eliminate these adventitious effects, two parameters 
have been introduced to define the demagnetization efficiency. 


(i) The ‘settling rate ratio’, defined as the ratio of the settling 
rate obtained after demagnetizing the sample in suspension 
to that obtained after demagnetizing the sample in the 
damp, compacted state. 


Fig. 2 shows the settling rates of a number of materials 
which had been demagnetized at different specific gravities, 
including the damp, compacted state. Any rotation or 
oscillation of the particles during demagnetization gives 
inefficient demagnetization, and hence a higher settling rate 
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Fig. 2. Variation of settling rate of demagnetized suspension 
with concentration of solids during demagnetization. 


-—--—[]--—-+--= Iscor, sample 27. 

——-—-— / ——~—~— = Shelton, sample 30. 

OOo a ee Onsettasampicr. 5: 
O = PJ.C., sample 11. 


than that obtained after demagnetization in the damp com- 
pacted state, where particle movement is prevented. Con- 
versely, where no particle rotation takes place, the settling 
rate and the settling rate ratio are independent of the 
concentration of the suspension during demagnetization. 


(ii) The ‘equivalent magnetization field’, defined as the 
magnetizing field required to produce, from the totally 
unmagnetized material, the same settling rate as that 
resulting from the demagnetizing treatment. This 
parameter eliminates the variable effect of magnetization 
in causing agglomeration, and hence increased settling 
speed, between one sample and another. This variability 
is shown in Fig. 3. 
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Be at 


Interface settling rate (inJmin) 


09 250 500 750 
Magnetizing field (Oe) 


Fig. 3. Variation of interface settling rate with previously}; ) 
applied magnetizing field. | 


= Shelton, sample 10. 
- = Phoscor, sample 3. 
= Norwegian, sample 2. 


3. Settling rate 


The measurements of settling rate were made on su 
pensions of 12°% volume concentration contained in graduat} 
Perspex tubes 124 in. long by 1 in. internal diameter. Af 1 
each magnetization and demagnetization treatment, tii} 
suspensions were shaken vigorously to disperse the agelll 
merates and were allowed to settle. The time at which yi | 
interface between the suspension and supernatant wa | 
passed the different graduations was noted. The fi i 
consolidation period and a slow starting period, whi 
occurred with some suspensions, were ignored. The rate 
fall thus obtained was generally constant and reproducib# 
The excellent agreement between repeat measureme 
implies either that the vigorous shaking does not affect t 
residual magnetization, or that any change is complet# 
during the first shaking. All the measurements were map 
with the tubes in a water bath maintained at 25 + 4$°c. 


4. Magnetization and demagnetization 


The suspensions were magnetized by passage through d ; 
air-cored solenoid giving a field of 50 oersteds per ampere | y 
exciting current. H | 
For demagnetization the suspensions, all of which had bed 
magnetized at 500 Oe, were passed slowly through an iro} 
cored demagnetizer with a 2 in. gap, operating with a peal 
field strength of 1600 Oe at 50c/s. This high field strengi) 
was chosen to amplify the differences arising from partic 
rotation. 1 
The efficiency of the demagnetization of the damp compady: 
which is used as the standard throughout the present wort) 
was assessed by measuring the settling rate after such trea | 
ment and the settling rates obtained after the followi if 
treatments: 


(a) roasting in air at 850° c (Meerman and Oderkerken 1952} 
when the magnetic ferrosoferric oxide (Fe3;04) is coi 
verted to the weakly magnetic ferric oxide (Fe,03); 


(b) demagnetization of a frozen suspension (Hartig et 
1951) of 12% volume concentration, which prevents a i 
motion of the particles. 
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The settling rates given in Table 1 show that there is good 
‘rreement between the three methods. 


Table 1. Comparison of methods of demagnetization 
Interface settling rate (in|min) 
After demagnetiza- After demagnetiza- 
: tion of the After tion of the 
Medium damp compact roasting frozen suspension 

atural—Norwegian 0-36 0-37 — 
mthetic—P.I.C. Oesiil 0-45 — 
atural—Norwegian 0-49 — 0-50 
ast furnace flue dust 0-38 —_ 0-37 


5. Magnetic properties 


| The magnetic characteristics were measured by a modifica- 
jon of the Ewing Isthmus method, similar to that described 
|r Gottschalk and Davis (1935). Briefly, the sample was 
‘yaced in one of a pair of similar capsules in the gap of an 
j2ctromagnet. The secondary coils wound round each 
|psule were balanced so that, in the absence of a sample, 
> galvanometer deflection was observed on changing the 
ljagnetic field. With a sample in one capsule the deflection 
{then proportional to the induction in the sample. Hysteresis 
ops were measured for maximum field strengths of 540, 
| 70 and 3000 Oe and the normal induction loops from 30 
to 3000 Oe. 
‘) With the exception of the intrinsic coercive force, Hc, the 
#agnetic characteristics are very dependent upon the packing 
{ensity (Gottschalk and Davis 1935). To compare the 
ifferent materials, a standard packing density of 2-00 g/cm? 
as adopted, magnesium oxide being added as a diluent when 
mcessary. Being non-magnetic the addition of the oxide 
bes not add to the magnetic induction of the compact. To 
jilow for the small unavoidable experimental variations in the 
tual packing density (+0-05 g/cm), a series of auxiliary 
feasurements was made in which the packing density was 
ried over wide limits. The results enabled the appropriate 
»rrections to the measured magnetic parameters to be made. 
} Microscopic observations, similar to those of Hartig ef al. 
4951), were also made on the behaviour of the particles 


6. Materials 


{ The materials examined consisted of natural and synthetic 
|agnetites, pyrites cinder extracts and blast furnace flue dust 
‘tracts (B.F.F.D.E.). They were prepared by ball milling 
id subsequent removal of the fraction coarser than 200 mesh 
.S.S. (76 4) and the non-magnetic material. Where possible 
veral samples were prepared, differing in ball milling times. 
'To inyestigate the effect of chemical composition and 
ructure, several samples of a synthetic magnetite (P.I.C.) 
ere reduced (by hydrogen) or oxidized (by air). For the 
| duction the samples were placed in a thin layer in Inconel 
Dats in a silica tube and were brought up to the required 
imperature of 560 + 10°C in an inert stream of nitrogen. 
ydrogen at atmospheric pressure was then passed through 
wr the required time and the samples allowed to cool slowly 
_an atmosphere of nitrogen. On contact with air the 
‘duced samples re-oxidized, sufficiently rapidly to raise the 
mperature to between 300 and 400° c. After re-oxidation 
‘e individual particles are probably made up of a complex 
trix of the individual iron oxides and free iron, the outer 
yer probably being the ferroso-ferric oxide and the inner 
yer free iron, with ferrous oxide as the intermediate layer. 
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Evidence for the existence of this layered structure is the 
further rapid re-oxidation that occurs when the individual 
particles are fractured by crushing or grinding. 


7. Results 


The variation of bulk magnetic characteristics with the 
particle size of the sample is shown in Fig. 1. The measure- 
ments were made on six size fractions of Norwegian magnetite 
separated on a Bahco air classifier. The sieved, —53 py, 
sample was cut at 1-7, 2:7, 4-4, 10-5 and 22-5 pw, which 
gave the mean sizes of the fractions as 0-8, 2:2, 3:6, 7:5, 
16:5 and 38:0. It can be seen that, with the exception 
of the maximum permeability which shows just the 
reverse behaviour, the magnetic characteristic decreases 
with increasing particle size up to about 30 uw and then 
steadies off. 

The principal experimental results are tabulated in Table 2, 
which shows the settling behaviour, the demagnetization 
behaviour, the bulk magnetic properties and the iron/iron 
oxide analysis of thirty-one materials. 

In order to assess whether or not there was any correlation 
between the bulk magnetic properties and the demagnetiza- 
tion behaviour, correlation coefficients and corresponding 
probability levels were calculated and are given in Table 3; 
the samples were grouped for convenience. 


8. Discussion 


The qualitative microscope observations of particle chain- 
ing and rotation agree very well with the equivalent 
magnetization fields given in Table 2. Those media having 
equivalent magnetization fields of zero show, in the mag- 
netized state, only slight rotation which ceases at relatively 
low alternating field strength. After demagnetization in 
dilute suspension no rotation is observed. For those media 
with high equivalent magnetization fields all the particles 
show rotation, both after magnetization and demagnetization 
in a dilute suspension. 

Over the size range considered, corresponding to interface 
settling rates of 0-1 to 0-6in./min at 12% volume con- 
centration, the effect of the particle size on the equivalent 
magnetizing field is small. 

The only significant statistical correlations, between the 
equivalent magnetization field or settling-rate ratio and the 
magnetic characteristics, that holds for all groups of media, 
are those for the coercive force and the maximum permeability. 
The correlation with the ‘technical’ coercive force (gH¢) 
suggested by Hartig ef a/. (1951) is not as good as with the 
‘intrinsic’ (;H¢) coercive force. The fact that Hartig was 
working with coarser materials in dilute suspension may 
have some bearing upon this. Reference to Fig. 4, however, 
shows that even with this good correlation the coercive force 
cannot be used to predict with any certainty the behaviour 
on demagnetization. The ‘natural’ magnetites, i.e. excluding 
the blast furnace flue dust extracts and the hydrogen reduced 
samples, show the effect of the particle size; the solid circles, 
representing coarser material samples 1-7, have a lower 
coercive force for the same equivalent magnetizing field. 
That the bulk magnetic characteristics can give misleading 
information is readily seen by comparing samples Nos 5 and 
10, Normetal pyrites and Shelton, which have similar size 
distributions. They have almost identical bulk magnetic 
characteristics (Table 2) and yet the equivalent magnetizing 
fields are 80 and 490 Oe respectively. After demagnetization 
in suspension the interface settling rates were 0-7 and 
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1-8 in/min, yet after efficient demagnetization in the damp 
compacted state, the settling rates are only 0-6 and 0-5 in/min 
respectively. Nevertheless, the results show that a high 
maximum permeability and low coercive force are, in general, 
associated with easy demagnetization of these small particles 
when in suspension. A similar correlation is known to exist 
between these two parameters and the ease of domain 
rearrangement during the magnetization of large bodies. 
From their behaviour in dilute suspension the media seem 
to fall into two categories: (a) the blast furnace group, 
typified by extreme rotation and inefficient demagnetization 
in suspension; and (4) a natural group, including synthetic 
magnetite and pyrites cinder, with very much better demag- 
netization characteristics. The reason for the pronounced 


rotation of the former group is probably associated wh) 
their mode of formation, and this seems to be borne out} 
the experiments with reduced and oxidized syntha 
magnetite. The oxidation and reduction reactions in — 
blast furnace flue gases will tend to produce a layered st 1 
ture of oxides and free iron. The inhomogeneities Wp 
restrict the free movement of the domain walls required |jf 
demagnetization and the particles will therefore tend to tg 
the easier path of bodily rotation with only a limited amon 
of domain rearrangement. The reduced P.I.C. samp} 
prepared so as to form such a layer structure, exhibit 
high equivalent magnetization fields (Fig. 4). Where | 
outer layer is essentially non-magnetic, as in the oxidia 
P.I.C. sample, there is no apparent change in the exten 


Table 2. Demagnetization, bulk magnetic properties and iron content of magnetic materials 
(1) (2) Bis 14 » svete Ste) 9) G0) "CD G27 Gayaia4) ir 
i feifC- O= 63a 00 O'} 57 %46 23°5-—2°62 248) 2-01 e420 oe O 42:4 2] 
2 Norwegian 0:49 1-00 OF 96a? 38-7 7-00 356) P2093 72)190 
3. Phoscor Dossy bad AON 1059978 “3625. 7-26) 342 9a 9633250 0 45-5 “2t 
4 Rossington Decl Hol! 601115 9°93. “415° 10-60" 425°" 2908" 4755.0 
5 Normetal pyrites 0°63. 1:14 S00 1202 9275: 23 0F VS"509 175 aloe Ope 280 
6 Ermelo 0247. S10 91205 SS 82 4 0560 270s eo eo Omens A0 
7 Indian 0:58 » 1-30) 145 [160599403373 35/2 la i549 oe 350 
8 Oxidized P.I.C. 0-64 1-00 OU PE CS ease ue 0-78" 86 1-49" 2-07" 160) 0-1 53-6 
9 Iscor(B REDE) OFS aS 72 6308 OO Ga SS meso oS 3542-07 3808 SoZ a, 
10°” Shelton \(B.P\F-D:E.) 70-51" 325679 "490 127 73) 25-0 3-12 1 Gseiel 542 022 On eit Omer 4 
RP AIRe Deny Als OUST S64 S12 4927292 5 06S 2 Ome 00) O 43-7 2% 
12 Norwegian 0:40 1-00 OF eL27 F103" 55-0 14-0 S107 212 S602 G0 0 48-5 2 
13. Ermelo 0-33 1-00 0; 115 84 36:6 6:48 309 | 1-94 3-06 340 0 55-3 1 
14 Rossington Qesil ile 2OOTAS IO 958-45 15240 R519 2 -O8mes- 50s SO. 0 45°0 ee 
15 Phoscor O-1 See T7120 S77 S56 OF 4104435 ae OTe S980 
16 Phoscor Wow  ilsOy7 55 | 140 108 49-3 12-90 435 | 1:93 3-12 300 
17 Phoscor 0:34 «1-05 60°; 117 94 42-0 10°80 425 | 1-96 3-31 260 
18 Normetal pyrites O27 21-20) 1408/1509 98) 35°99 96-669 258652 240 0 53a 
19 Tata O-3/ Vel? 46 FLOOn 148894 37-2) 6-30) 2741-61 2-203 00 0 50°7 “18 
20 Indian 0:27 1:36 170/160 100 34-8 6°38 240 1-58 2-02 380 0 56:0 14 
21 P.I.C. reduced in H, 
for 10 min Q:21 4:55 495 | 122° :89--"63°8 *8:68 390 | 2-09 3-28 160 111-2 33-500 
22 P.J.C. reduced in H, 
for 20 min 0°26 5:90. 555 | 153 114 80-9. 12°80 442 | 2-08 3:01 180 | 15-4 283iem 
23 P.J.C. reduced in H, 
for 30 min 0-26. 9-85. 1000°| 237. 171 111-122-790. 536%) 2-04.°2-55 950051019: 0019 ste 
24 =P.I.C. reduced in H, 
for 60 min Q-22. 14°30 1100 | 250 176 112-0 24-30 525 |°1-99° 2-435 55001922: 5) 510530 
25 Consett (B.F.F.D.E.).| 0°15 2°48 375 | 435° 94 43-0 8-15 3275) 4-77 2-78-2700" 0-25 
26 Iscor (B.F.F.D.E.) 0-10 3-63 \-460 | 202. 132 °59-0.<11*90 35221 1°68 2-20°93601)7 4<0 “S0:ume 
27 Iscor (B.F.F.D.E.) Q:22-° 3°74 “+360 203801126 54°57 10-50) 1327) AS68 oer tees Ss 
28 Iscor (B.F.F.D.E.) 0:44 3:60 560] 185 118 47-4 9-30 300] 1:55 2-11 400] 3-8 55-1 
29 ‘Shelton’ (B.F-F.D.E.) 10:12) ~2:53> 9 S159,1209993 <27/2)53 2350 sau ele sae One pO 
30° Shelton (B.F.F-D.E.) {0-17 3-03 ©4251 120° 76  33°8 | 3°88°7204:4 1-70532=307 260) 1g. 0) e760 
31 Shelton (B.F.F.D.E.)'|0°23, -3°17 660 | 132.83 29:4 =3-92 491 1 1-60°> 2:07 260 ia14-omiseac 


(1) Sample number; (2) material; (3) demagnetized damp settling rate (in/min): (4) settli io* 
field elt) AG Oe: (Oy eat force, yHc, (7) coercive force te Ne ee eas 
energy product x 10~3(GOe), (10) remanent induction, 47I (G); (11) permeability at 1600 Oe; (12)-(13) maximum ility: 
(13) field (Oe); (14)-(16) iron content (°%): (14) free, (15) ferric, Gey eee eae eis | 
Note.—The samples having the same name but different sample number, differ in the len i indi 
les > p th of t f 
size. This is reflected in the demagnetized ‘damp’ settling rate; the larger this alte the Take he pare 


* The ratio of the settling rate after demagnetization at 125° volume concentration to that after demagnetization in the ‘damp’ state}! 
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(8) hysteresis loss x 10-3 (erg cycle~1 cm~3), (9) maxim¥ 


and hence in partiif 
e size. 
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able 3. Correlation coefficients (r) and probability levels (P) of the magnetic characteristics with the equivalent magnetizing 
field and settling-rate ratio 


llarticle rotation and no apparent effect on the domain 
/sarrangement of the central magnetic portion. 

| Comparing the oxidized sample with the original P.I.C. 
jample, it is obvious that there have been marked changes in 


J. 1250 
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Intrinsic coercive force (Oe) 


Fig. 4. Variation of equivalent magnetizing field and intrinsic 
| coercive force. 


e natural and synthetic magnetites, samples 1 to 7. 
© natural and synthetic magnetites, samples 11 to 20. 
A blast furnace flue dust extracts. } 

oxidized and reduced synthetic magnetite. 


he bulk magnetic characteristics which have not affected 
he demagnetization behaviour. In this case the changes 
aave acted to reduce the percentage of magnetic material 
yresent in the particle. Similar effects can be seen within 
he natural group; the high values of permeability for 
Norwegian magnetite compared with the much lower values 
or the Indian magnetite can be associated with the decreased 
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Coercive force Permeability R ; } 
AlSample Intrinsic tHe Technical pHe Maximum At 1600 Oe iaandiion: Pees Pepe iit 
“\umbers Correlation with r P. r R if iP r JP r iB r Ie r jie 
alt to 7 Equiv. mag. 
' field +0-°86 0:02 40:67 0:10 —0:84 0:02 —0:-69 0-09 —0°-42 — +0-14 ~- —0-03 — 
Settling-rate 
i ratio +0:89 0-008 +0:67 0:10 —0:81 0:03 —0-75 0O- —0- — LQ- — . — 
M10 Equiv. mag. 05 0-39 +0-00 +0-01 
ih field +0:75 0:02 +0:59 0-08 —0:54 0:10 —0-52 — —0:10 — +0-40 — +0-02 —_— 
Settling-rate 
ratio +0:64 0-05 +0-51 — =0-50 — —0-49 — —0:'14 — +0-29 — +0-10 — 
(yl to 20 Equiv. mag. 
field +0-73 0-02 40:33 — 0-92) 0-001) 90-92" (02001) 0252) = 0-26 — —0-29 a 
Settling-rate 
ratio +0:62 0:06 +0-18 _— —0:90 0-001 —0-53 — —0:58 0:08 —0-34 -- —0:40 — 
| to 24 Equiv. mag. 
field +0:85 0-001 +0-84 0-001 | —0-38 = -+-0-21 — +0°47 0:09 +0-91 0-001 +0-73 0-003 
Settling-rate 
ratio +0:84 0-001 +0:85 0-001 | —0-30 — a Or27 — +0:52 0:06 +0:92 0-001 +0-77 0-002 
iL to 31 Equiv. mag. 
field +0:72 0:001 +0-63 0-002 | —0-50 0:02 —0-12 — +0-12 — +0:65 0:002 +0:°43 0-05 
Settling-rate 
ratio +0:68 0-001 +0:77 0-001 | —0-24 = +0-20 — +0:41 0:07 +0-85 0-001 +0-68 0-001 


The dashes indicate a probability level of greater than 0-10. 


magnetite content in the Indian sample. The coercive force, 
which is found by experiment to be unaffected by dilution, is 
therefore the only available criterion of the magnetic 
behaviour, and it is not surprising that the correlation with 
demagnetization efficiency is better for this property than 
the others. 

9. Conclusions 


Although a low coercive force and high permeability are 
desirable, there does not seem to be any simple correlation 
between the bulk magnetic characteristics of all media and 
their behaviour on demagnetization in suspension. The 
measurement of the settling rate after demagnetization in 
suspension and in the damp compacted state gives more 
information about the ease of demagnetization, and this 
technique is now being used in the author’s laboratory for 
the assessment of magnetic media. 
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Abstract 


The mathematical expressions for the field intensities 
external to spheroids or an ellipsoid with uniform mag- 
netization are given. They are useful in predicting fields 
external to (a) open-structure magnetic devices such as 
metallic or ferrite films, twistors or splinters, and (b) 
spheroidal and ellipsoidal samples which are often used in 
magnetic measurements. 

Curves are plotted to indicate the spatial variation of 
field intensity with the dimensional ratio of a spheroid as a 
parameter. In the region near the spheroid, field intensity 
is normalized against field intensity at the boundary. In 
the region far from the spheroid, field intensity is nor- 
malized against that of a dipole of the same dipole strength 
as the spheroid. 


1. Introduction 


ERRITE toroids and miltipaths are magnetic structures 

in which the magnetic flux lines complete their paths 

entirely within the low-reluctance ferromagnetic 
materials. With the advent of open-structure devices such 
as thin films and twistors, in which the ferromagnetic materials 
constitute only part of the flux path and flux lines close their 
paths through the air, the field external to these structures 
have to be considered in the interests of design and appli- 
cations. 

In order to stabilize the magnetic state, both for thin films 
and twistors, the geometries are chosen so as to minimize the 
demagnetizing fields. Field distributions for these devices 
have been analysed by the author (Chang and Milnes 1959, 
1960). Recent interest in ferrite films and splinters calls for 
an analysis of the fields external to such structures, which is 
the purpose of this paper. 

Spheres, oblate or prolate spheroids, or general ellipsoids 
are used to approximate the various structures. Arbitrarily 
oriented but uniform magnetization is assumed in the mag- 
netic bodies. Field calculations are carried out for various 
geometrical dimensions, and normalized curves are plotted. 

Various authors (Hunt 1954, Peake and Davy 1953, 
Stoner 1945) have treated the fields associated with an 
ellipsoid with uniform magnetization. In Stoner’s paper 
expressions for the internal fields (demagnetizing fields) for 
an ellipsoid with uniform magnetization are given. Peake 
and Davy obtained expressions for external field along axes 
of symmetry, and Hunt derived the flux linkage with a search 
coil produced by a coaxial uniformly magnetized prolate 
spheroid. 

The present paper, in addition to presenting expressions in 
terms of elliptical integrals for external fields of an ellipsoid 
with arbitrarily oriented uniform magnetization, also gives 
the formulae for potentials and field intensities derived in the 
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prolate and the oblate spheroidal coordinates, instead 

from the general ellipsoidal case as done by Peake and Daj 
and Hunt. Simple and exact equations are obtained f} 
the external field at any point in space. Formulae for tran} 
forming rectangular into spheroidal coordinates are all 
given. 


2. Spheroidal or ellipsoidal representation 


The detailed mathematical derivations are too lengthy 
presentation here. Readers interested in these derivatio 
may consult Chang (1959). However, a discussion of tiff) 
geometrical models assumed is given below. 

A prolate spheroidal surface is generated by rotating 
ellipse around its major axis, while an oblate spheroid 
surface is generated by rotating an ellipse around its mi i 
axis. 

A general ellipsoid is represented by 

x2 y2 Z2 


| | 
] T 
a b2 C2 


1 (2 


where a > b> c are the three semi-principal axes. 5 
a =b, the ellipsoid degenerates into an oblate spheroiif) 
When b = c, the ellipsoid degenerates into a prolate spheroil 
When a = b = ¢, the ellipsoid becomes a sphere. The abo 
geometries are sketched in Fig. 1. For various values assumd 


Zz 


I ‘ 


PROLATE SPHEROIO 
a>b=c 


OBLATE SPHEROID 
a=b>c 


ELLIPSOID 
a>b>c 


Fig. 1. Sphere, prolate and oblate spheroids and ellipsoid. 
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yr the ratios b/a and c/a, the ellipsoid may stretch into a 
od or prostrate into a disk or assume any of a range of 
itermediate geometries. Thus it provides an excellent model 
yr Studying the effects of geometry. 

Spheroids and ellipsoids are chosen to approximate the 
evices, since these geometries are well suited for analysis 
1 spheroidal or ellipsoidal coordinates. As to the justifi- 
ition for the above approximations, the following explana- 
on can be offered. Assuming that the field inside a magnetic 
ody of any geometry is known, one can easily find the 
sternal field at the boundary by applying the two boundary 
ynditions of continuities of tangential field intensity and 
ormal flux density. Since 


B; = po(H; + M) (2.2) 
jad B. = oH. (2.3) 


‘(here B; is the flux density inside the ferromagnetic body, 
'g the permeability of free space, H; the field intensity inside 
‘ne ferromagnetic body, M the magnetization, B, the flux 
ensity external to the ferromagnetic body, and H, the field 
itensity external to the ferromagnetic body, then the con- 
ition of continuity of tangential field intensity is expressed 
S 


Hi: a H., (2.4) 


Ind the condition of continuity of normal flux density is 
xpressed as 

Bin = Ben (2.5) 

lithe te Wb == Ja lsee (2.6) 

Eqns (2.4)-(2.6), t and n indicate tangential and normal 


As the field is a continuous function in space except at the 
oundary, the external field distribution found from the 
oundary conditions depicts the field in the immediate vicinity 
\f the ferromagnetic body as well. At a distance much larger 
‘nan the dimensions of the body, the ferromagnetic body 
‘cts as a magnetic dipole in producing magnetic field there. 
{ts geometrical shape does not affect the field there at all 
xcept in determining the magnetic dipole strength, which 
an be found from 

m =| Mav (2.7) 

v 

\yhere m is the magnetic dipole moment, V the volume of 
jerromagnetic body, and M the magnetization. The mag- 
jetostatic potential at a distance r from the ferromagnetic 
body is 


P =(m.r)/4rr3 (2.8) 
{rom which the field intensity is found as 
= _ 3(m.r) m J 
H WAP aes tgp (2.9) 


_ Now it remains to find the field in the intermediate region. 
\lthough the field there does depend on the geometry, the 
jependence is not as critical as in the immediate vicinity. 
lence, a close geometrical approximation of magnetization 
listribution (such as an oblate spheroid for a thin circular 
ylindrical film) should yield results close to that of the 
ictual distribution. 


}. Fields external to spheres, spheroids or ellipsoids with 
uniform magnetization 


The potentials due to a spheroid (oblate or prolate) or an 
lipsoid of uniform magnetization are given by Chang, and 
hat for a sphere is given by Smythe. In the following, the 
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potential, the field intensities derived therefrom and equations 
for transforming rectangular coordinates into spherical, 
prolate or oblate spheroidal or ellipsoidal coordinates are 
summarized. 


(i) Sphere 
For a sphere with radius a, and uniform magnetization M,,. 
in the X-direction, the magnetostatic potential is 


M,a Xx, 
3 ee oe 
The field intensity is 
H = H,i, + Hyi, + H,i, 
<0 VP 
OP. we. OP, 
a (she bay ei Oe 
eo =e 
H H, = M,a = 
ence x xt 3X2 YY? Ze 
ROVE 
a 3 
Hy, = M,a (x2 4 Y2 4 Z25/2 
XZ, 
H, = Ma ryt zy ca 


(ii) Prolate spheroid with uniform magnetization along the 
major axis 


aie, Hoek 
: 1 
P. Mr (3 In ) 


i (3.4) 


where 


P. = magnetostatic potential external to the spheroid 
due to magnetization, 

M,, = uniform magnetization along the major axis, 

a, b = major, minor axes of the prolate spheroid 

f=@ = bd») G3) 


; 4 
eee (fa Ex? yz") + {(+atty?+22— 4x7}4]) 


(3.6) 

= x/n (Ga) 

@ = arctan z/y (3.8) 
x,y, Z=AI1f, VIF, ZF. (3.9) 


The rectangular components of field intensity are found as 


Hy Leas ” 
Mab?|[f? (Sin es ie ae a) (3.10) 
HH E11 — &)3 
Mab fi Cr =a eg ar cos 8 3.11) 
i sae. (3.12) 


M,ab2|f3 — (4? — 1X7? — &) 


(iii) Prolate spheroid with uniform magnetization along a 
minor axis 


M,, ab? eae (3 aah n ) 9 
a COS 
(3.13) 
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where M, = uniform magnetization along a minor axis 
( Y-axis) and the other symbols are defined in (ii). 
The rectangular components of field intensity are found as 


A, cies 


Myabifs (4? — A — DE cos 6 (3.14) 
Ay = Up Air 1 n 
M,ab?/f? AG iq) = I ie ae :) 
aye 
(2 ore Z 1 cos? @ (3.15) 
He a A aera 
Myabif3 ~ GP — AP — cos @ sin 0, (3.16) 


(iv) Oblate spheroid with uniform magnetization along the 
minor axis 
CH UH os 

Pe = = Misa 6(6 cot Gat) (3-17) 
where P, = magnetostatic potential external to the spheroid 
due to magnetization, M, = uniform magnetization along 
the minor (Z) axis, a,c = major, minor axes of the oblate 
spheroid 


f = (@ — ch, (3.18) 
C= + (Ye? + + 2-1) 
b (2 + y2 4 22 — 12 + 42734)" (3.19) 
E=2/¢ (3.20) 
6 = arctan y/z (3.21) 
x,y,z = XIf, YIf, Zif- (3.22) 
The rectangular components of field intensity are found as 
EN es Ue ea 
Meds 0+ @Ae+& cos 6 (3.23) 
Hy Ss E(1 = &%)t : 
Med + OX + 2 sin 0 (3.24) 
HH, 1 4 
Maaef =cot CG == 2 i Panay (3.25) 
(v) Oblate spheroid with uniform magnetization along a major 
axis 
Se: ca’ rent 2 Seis C 
es rau EN + 2)#(cot C iz pe) cos 8 
(3.26) 


where M, = uniform magnetization along a major axis 
(X-axis) and the other symbols are defined in (iy). 

The rectangular components of the field intensity are found 
as 


lal, 1 2 i | 

ae a {5 (co ca ' # 7) q = (a — c*)/(a? +5). (3.34) 
cd — &) : i ds 
+ T+ ACES cos? 6} (3.27) The integral Neer 

Hy see Be) ; 
Medi Gd+OAer+1a™ 9 sin (3°28) where R, = {(s + a”)(s + 5’)(s + c2)3 / 

H, &(1 — £)4 ; K =a,b, ore 
M,a?cl/fF (1 + CHC? + €) ree CE): will result in different forms for different k. 
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(vi) General ellipsoid with uniform magnetization 


| 

| 

| 

| 
M = M,i, + Myi, + Mi, 3. 


abcM,t ds 

a 3.3 

Em, 324 ame | era Cy 
U 


where OPC BOM, YOSORUCG, ZZ): 


U defines an ellipsoidal surface: 


i ¥2 Zz 
Nl =1,0>U0>— @ 
@+U' P+U' ct+U 
R, = {(s — a*)(s — b*Y(s — c?)}3 
Pa rT i oe els 
= (sy Sy og 
eee Le dU abcM,, x dU’ 
x) 2 | UteR, wa | Wea Rem 
U 
abcM,, big 0U  abcM, Z oU 
D2 (U + b*)R, 0X 2 (U+c?)R, 0X 
: abcM,, NX. es dU 
y 2 (U+a)R, srt Raza) | 
abcM, i oU _ abcM, Ze ou |! 
2. ~(U-b)R, oY. . 2.. Ue a 
ae abcM, Xx oU 
‘2 2 (U+a)R, oz 


abcM,, Me 
2 (U + BRA 


oo __ abcM, a oU 
ny : or 2 (U+c%R, dZ [* 


(3.3 

From equations defining the ellipsoidal coordinate systenif} 

the partial derivatives in the above equation can be found Jf} 

dU 2r / x2 i 1 | 
ve K?4+U/ \(@+U)  &+U) °* (2 + UV)? 


where (kK, t) = (@3:X )- ©, .Y Jaor (67 Z): 


The integrals in Eqn (3.32) can be reduced to incomple'] 
elliptic integrals by the following transformation: 
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Jase 1. 
co 


IK == G4 
Wwe 


dU 
(U + a*){(U + aU + b*Y(U + cy 
U 


Rpt c*)t GT b*) {F(v, ip) = Evy, by} 
vhere 
v2 = (a? — b)/(a? — c) 
p* = (a — c)(a? + U) 
p=sing 
v Pp 
FO, p) = a dq 
(1 — v? sin? apy US gg) 
0 0 
= incomplete elliptic integral of the first kind. 
v 
E(v, #) =| — v sin? bd = [Se med a 
0 
= incomplete elliptic see of the second kind. 
Base 2. K=b. 
a dU 
MU + BVO + aU + BYU + ce} 
. U 
ease bie po q°dq 
| GAP | 0 = vay" — a 
q=0 
2(a” — c*)t 
Ry, os eee [F(v, ib) — E(Qv, b)] 
2 
l (a2 5 c?)3(b2 as c?) F(v, pb) 
2 (G) Te 3 
be— ce \(U+ aU + a} cine 
Wwase 3. K=c 
| Li dU 
meU + c*){(U + a*)(U + b*)(U + ec?) 
IU 
Pp 
See qrdq 
(a? oe ei? (1 gat gy re v2q?)t 
q=0 
=- Ce) 
~~" ae a 
2 U + 2 3 
=f (b? a c?) 1a “i a)(U ote =i (3.38) 


4. Conclusions 


(a) As discussed in Section 2, at a distance from the ferro- 
magnetic body, the field distribution should be identical to 
that of a dipole with equal strength (Eqn (7)). For a uni- 
formly magnetized sphere, the external field is identical to 
that of an equivalent dipole. For spheroids, the difference 
between actual field and equivalent dipole field is less than 
10°% beyond 3-5 times major axial (a) lengths, and less than 
1% beyond 10a. Fig. 2 illustrates the above statement. 
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| rt) 107 


Fig. 2. H, on X-axis for oblate spheroid, with M = Myix. 
(The far field is normalized against that of a dipole.) 


(b) The larger the dimensional ratio a/b or a/c, the faster 
the field intensity diminishes with increasing distance from 
the boundary (see Fig. 3). Thus, thinner films or longer 
splinters tend to confine flux lines to a smaller region. 


e2 
5 
0 10 
To 10? 
e101 
Ae 
ry 
z= 
10° 
10 
10° _ : 2 
10° 10" re, 10 10 
x-| 
Fig. 3. Hy on X-axis for oblate spheroid, with M = M,.ix. 


(The near field is normalized against that at x = a.) 


(c) To immerse a sphere, a spheroid or an ellipsoid with 
constant permeability jz in a uniform field results in uniform 
induced magnetization in the body. Thus the formulae in 
Section 4 can be used after induced magnetization is found: 


m= Hol ( 


when one principal axis of the Fite or the spheroid 
coincides with #( = x, y or z) axis, Ho, is the original field 
component and N, the demagnetizing factor of the ellipsoid 
in the f-direction. 


re N,) (4.1) 
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Abstract 


Measurements of the packing of spherical particles poured 
into a cylindrical container show that the intensity of 
deposition, the height of drop and the elasticity of the 
particle material influence the packing equally. Minor 
departures from perfect sphericity tend to mask the 
influence of elasticity. 

Optimum packing of poured spherical particles occurs 
when the energy increment imparted to the bed by each 
impacting particle exceeds a critical value, the rate of 
renewed application of increments is above a critical value 
and the intensity of deposition is below a critical level. 
Within a critical range of deposition conditions, sufficient 
energy may be imparted to spherical particles to activate 
a process of ordered packing, initiated at a wall. These 
conditions are fulfilled when 0-125 in. diameter spheres fill 
a 3 in. diameter glass cylinder at 1400 particles per second 
with impact velocities greater than 120/{4(. + e,)}!* in/s, 
€m being the resilience of the particle material. 

Determinations of wail effect show that these conclusions 
and the derived mechanism of packing are valid for the 
packing of an infinitely extensive bed. 


1. Introduction 


HE problems associated with the behaviour of masses 
of solid particles are common to virtually every 
industry, whether the specific objective be the achieve- 
ment of a dense packing or the establishing and maintenance 
of a freely flowing condition. Consequently, the study of 
the packing of granular solids has been almost continuous for 
many years. Despite this, there has not appeared a body of 
generally applicable quantitative theory helpful in the 
resolution of unfamiliar problems. Researches have tended 
to be concerned either with theoretical, unreal situations or 
to be entirely empirical. The former are mainly concerned 
with the geometry of simplified packing situations, although 
restricted supporting experimentation is not uncommon, and 
are principally the study of systems of perfect spheres. The 
latter appear to assume that the shapes and mechanical pro- 
perties of particles exert such a powerful and unresolvable 
influence upon their packing behaviour that only naturally 
occurring, or industrially used, materials can fruitfully be 
used in experiments. 
It is commonly appreciated that ideal spheres can be packed 
in layers of various types, definable by the angle of inter- 
section of the sets of rows in a layer, which may have any 


* Now at Shell Research Limited, Thornton, Cheshire. 
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value between 60° and 90°. Each kind of packing of spher} 
inevitably is associated with voids of characteristic shape an 
has a characteristic porosity and co-ordination number (« 
number of spheres touching every sphere). These t 
features together, but not separately, define a systematf} 
packing of spheres. 
The mode of packing of relatively large volumes of particld 
of uniform size and shape is independent of the size of th 
particles, provided surface effects are inconsiderable. Whej! 
the specific surface area becomes large, porosity tends 1 
increase with reduction of particle size. In particulate bulk} 
comprising several sizes, the presence of isolated larg@ 
particles tends to reduce the total porosity of the bulk a 
a similar effect results from the introduction of particlay: 
small enough to occupy voids without necessarily disturbi 
the structure. The situations arising from the mixing q 
different sizes of particle are so complex in real, as opposed! 
to special and hypothetical, circumstances that pursuit d 
the theoretical argument is hardly justified by its fruits. | 
It is known in a general sense that the porosity of a poure#} 
mass is reduced by increasing the height from which t : 
particles are dropped into the receiver and by reducing t 
density of the descending cloud of particles. Equally, it hag 
long been appreciated that the voidage in the immediat 
neighbourhood of a container wall is greater than that of t 1 
whole assemblage of particles. Available experimentatio} 
in this field is, however, inconclusive. | 
The extensive literature upon which these outline commen iH 
are based is well represented in the contributions noted ij 
the References. From these and others it is apparent th i} 
the major variables which influence the packing of d | 
granular solids are those named in Table 1. The table sho 
the authors’ assessment of the type and weight of the evidenci 
at present available. Typical sources are also indicated b 
numbered references. 
It is evident that although theoretical considerations hay: 
indicated the possible significance in packing of the pro 
perties of the materials of particles and containers, experilf}) 
mentalists have tended to ignore these features. This pape 
records an attempt to explore, by controlled and defined : 
experiment, the independent effects of the more importanif) 
variables of deposition upon packing, and the modifying} 
influence of the intrinsic properties of the particle materia} 
upon the trends produced. The ultimate objective has beer 
the statement quantitatively of an explicit general mechanism f 
of packing. The intrinsic properties considered are) 
(i) surface friction at low levels of kinetic energy of thé : 
particles, and (ii) resilience, regarded as likely to be o 
increasing importance as the kinetic energy of the cont 
stituent particles of a bed increases. 1) 
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‘able 1. Evidence in the literature concerning variables 
considered to be important in the packing of particles 
Experimental Theoretical 
Evidence Ref. No. Evidence Ref. No. 
. Particle 
Shape am 3, 4, 6 fats 3, 6 
Absolute size “s 15, 2! = 6 
Size distribution coe il, Gy 7/ ci Os WH U5) 
Mass None “a 8 
Surface friction None * 6 
Elasticity None ce 8 
. Container 
Shape = 5, & * 8 
Size ic 2 eelel 24 3, 118) 
»4 Surface friction None None 
_ Elasticity None None 
|. Mode of deposition 
»| Intensity oi 9 8 
Method = 9 - 8 
\. Energy input to the mass 
4 During deposition ** 4,9 he 8 
i\| After deposition oy IO, 1 » IQ); 12 


|, Anderegg 1931; 2, Brown and Hawksley 1946; 3, Carman 1937, 
4938; 4, Coulson 1949; 5, Denton 1957; 6, Fraser 1935; 7, Furnas 
1929, 1931; 8, Graton and Fraser 1935; 9, Kolbusczewski 1950; 
(0, Macrae, Finlayson and Gray 1957; 11, Rose 1945; 12, Stewart 
j/951; 13, Verman and Banerjee 1946; 14, Westmann and Hugill 
| 1930; 15, White and Walton 1937. 


/* qualitative evidence of the effect of the variable is available. 
* some quantitative evidence of the effect of the variable is 
available. 


2. Method 
2.1. Materials studied 


| In order to minimize the shape factor, spherical particles 
jwere used. The significance of shape was disclosed by using, 
In one case, two batches of particles of slightly differing 
{phericity. In all cases the particles were of nearly uniform 
ize. The materials used were steel ball bearings, phosphor- 
pronze ball bearings, lead shot, polystyrene beads and two 
jorms of glass beads. Glass beads A were more nearly 
|,pherical than glass beads B. The size and shape character- 
istics of the six materials are shown in Table 2, together 


Table 2. Particle size, shape, density and friction 


| Material Size (in.) | Range of size Axial ratio Density Friction 
(in.) (g/cm) index 
Steel Oa 25500 0002 00m wih 788 aril 15 
|Phosphor- 
bronze On 2 Siete 0 0002s 00 8-92 119 
ead shot 0-119 +0-008 (oO; ihe 7 1721 
Glass A 0-125 +0-009 1-04 Mepis ito} 
Glass B 0-118 +0-010 lol@ MoS) 1h oBX 
+0-009 1-08 s@23 Mh B38) 


Polystyrene 0-121 


ith their densities and an index of the surface friction. 
The last feature was assessed by an empirical measurement 
involving both rolling and sliding components. The particles 
were allowed to flow through a circular orifice (0-540 in. 
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empirical measurement is doubtless influenced by variations 
in the shape of the particles and is most truly a measure of 
surface friction when particles are most perfectly spherical. 
The resiliences of all the materials except lead, expressed 
as coefficients of restitution and regarded as a measure of 
their ability to impart kinetic energy to a target on impact, 
are shown in Fig. 1. The material used as anvil, or striking 
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Vv 
iz 
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w 
Oo 06- 
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18 24 
HEIGHT OF DROP, (inches) 


Fig. 1. Coefficients of restitution of materials studied. 


plate, in determining these values was flint glass whose 
coefficient of restitution (flint glass on flint glass) is very 
nearly unity. 

2.2. Packing method 


The better to ensure understanding of the events, a care- 
fully simplified regime was used whereby beds, some 45 cm 
high, were built by pouring the particles at a controlled rate 
into a 3in. diameter vertical glass tube with a horizontal 
base plate of stainless steel. The cylindrical hopper moved 
inside the glass receiver to allow small heights of drop to 
be used and a cylindrical delivery tube, 1 in. in diameter, 
extending from the controlled hopper outlet to a distance 
of | in. above the growing bed, ensured that particles reached 
the surface of the growing bed in a consistent manner at all 
heights of drop, and that the descending particles impinged 
upon a substantially constant area. The intensities of 
deposition named in the succeeding text refer to the number 
of particles which fell per second upon this constant area, 
whose extent is difficult to define precisely but is approxi- 
mately 1 in*. Because of this slight uncertainty the rates 
of deposition are not stated in terms of area. To keep the 
height of fall of the particles at a constant predetermined 
value throughout an experiment, the hopper could be moved 
upward or the receiver downward at the same rate as the 
surface of the growing bed rose. The closing mechanism in 
the base of the hopper was manually controlled from the 
top and allowed intensities of deposition in the range 450 
to 9600 particles per second. Very low intensities of 
deposition were achieved by using a subsidiary mechanical 
feed in the form of a toothed wheel which, rotating at selected 
speeds, delivered particles individually to the main hopper 
at rates down to seven particles per second. 


2.3. Packing criteria 


Three criteria of packing were used, namely the overall 
porosity of the whole bed, the porosity and position of 


diameter) in the base of a 3 in. cylindrical container. The incremental volumes throughout a bed and the spatial dis- 
rate of flow was expressed in time per unit volume. This position of individual particles as disclosed by transverse 
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sections. The use of contact point counts and their inter- 
pretation as co-ordination numbers was considered and 
rejected, as was the possible description of unit voids. 

2.3.1. Contact points, co-ordination numbers and unit voids. 
The use of a marking technique, similar to those of Smith, 
Foote and Busang (1929) and Bennett and Brown (1940), 
to indicate by chemically produced marks on the surface of 
each sphere the immediate proximity of adjacent spheres, 
involves the interpretation of these marks as co-ordination 
numbers and has in the past been used as a measure of 
porosity. This is unwarranted and can be misleading toa 
major extent. While it is true that in the various homo- 
geneous, systematic assemblages of spheres studied theo- 
retically by, for example, Graton and Fraser (1935) all the 
spheres have the same co-ordination number, these packings 
are not defined by the co-ordination number alone but only 
by that in conjunction with the shape of the unit cell. A 
packing of ideal spheres in three dimensions can be distorted 
without alteration to the co-ordination number, but with 
significant change in the porosity. For example, if a sphere 
is touched by five others the packing can be distorted without 
change in this co-ordination number so that the porosity 
changes in the range 59-:7% to 47°7%. 

The interpretation of an experimentally determined 
co-ordination number is further complicated by experimental 
imperfections, in that real particles are never ideally shaped 
and sized. In consequence, one situation of several which 
may arise is that in which a sphere, slightly smaller than its 
neighbours, may rest on three others and show three contact 
points, while adjacent spheres which just fail to touch the 
small one show more than three contacts. None shows the 
number which truly is associated with the packing. 

In the case of spheres which have been poured into a 
container the unit void may be any one of an infinite number 
of polyhedral forms. Consequently, it appears that the 
definition and assessment of the individual voids (see 
Lockwood 1950, Nuss and Whiting 1947) would yield data 
of such detail and complexity that more important overall 
trends would be obscured. 

2.3.2. Direct measurement of porosity. The measurements 
of overall porosity were made both (i) by measuring the 
voidage by means of a displacement liquid (a very dilute 
aqueous solution of a detergent) inserted through the base 
of the receiver, and (ii) by measuring the height and weight 
of the bed, the area of the receiver and the density of the 
particle material. At the 40% level the accuracy of a 
porosity measurement was to +0:-1%. Characteristic levels 
of porosity are produced by different materials in response 
to specific conditions of deposition. For any material these 
levels lie within a range which is peculiar to the material. 
Consequently the overall porosity, expressed as a proportion 
of void in the bulk, cannot of itself allow valid comparisons 
of the response of different materials to defined environ- 
mental conditions. Instead, we have used for such com- 
parisons the percentage improvement in packing produced 
by specified conditions, the datum for any material being 
the porosity of a bed of that material produced solely by 
cascading* conditions of deposition. This is derived from 
the suggestion by one of us (Macrae 1958) that only two 
situations of the packing of a mass of particles can be 
explicitly stated, namely (i) that in which the mass is so 
unstable that any small decrease of stability would cause 
the formation of a cloud, and (ii) that in which the particles 


* Cascading: in these experiments, a movement of particles by 
sliding and rolling without free fall. 
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are close packed. Any other state of packing refers tc 
situation of intermediate stability uniquely determined |} 
the mechanical treatment experienced by the mass. 
state of the cascaded mass is a practicable and tolera’ 
reproducible situation close to the former definable sta 
The improvement in packing is 


(Vil Vea pa. (Ver Vode 
| A 


where V, is the volume of the particles, V, is the volume: 
the bed, c refers to cascading conditions of depositie 
d refers to another, specified condition of deposition. 

The porosities of successive layers of a bed were measur: 
initially, by the use of a displacement aqueous solution’ 
low surface tension. 

2.3.3. Evaluation of sections. In order to explore 1 
variations in porosity in successive annular increme 
volumes, or layers, and to establish directly the kit 
magnitude and extent of the disturbances of the packil} 
due to the existence of a wall, horizontal layers of beds we 
fixed by the introduction, as an impregnating medium, 
Araldite 900, a low-viscosity liquid casting resin which si 
at room temperature. Sections of this body having be 
cut, trends in the packing of spherical particles from: 
selected plane were explored by measuring the distance 
each particle centre from the reference plane. These def} 
were then grouped to reveal the trend in the packing. 
random packings the choice of interval between successii# 
parallel cursor planes appears to be arbitrary and in tha} 
experiments d, the particle diameter, was used. With 
ordered, or near ordered, array of spherical particles 
interval d is not appropriate. In these cases the inter 
found by trial, which allowed only one layer of particles 
be grouped in each interval was used. The two operatic 
of measuring the distance of each particle centre from t 
reference plane and of grouping the data were condens# 
into one operation of counting by the following methag 
The image of a series of concentric circles, spaced as dicta a 
by the circumstances noted above, was focused upon a sectii 
and the number of particles cut by each circle counted. TI 
number of particles cut by unit length of the line was u 
as a basis for comparison of the porosities of successil 

| 


cylindrical layers. The difference in the porosities of ti 
entire bed held by the container and of that part not affect 
by the wall was estimated in terms of porosity thus: 


a = number of particles counted in a total section of diame 
3 in. 


b = number of particles counted in a core of the section 
diameter less than 3 in. 


a o (1 — overall porosity), which 
total area of section known 
b « (1 — porosity of core), which is to 


area of core found. 


The standard error of the porosity difference between |} 
core and the whole bed calculated from the sample variatiow#! 
(ten sections) was 0:4°%. 


3. Results and comment 
3.1. Bed and layer porosities 


3.1.1. Cascaded beds and surface friction. The datuif 
values of the porosities of beds formed by cascading aif! 
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‘j,own in Table 3, together with the indices of friction of the 
‘\jurticles and their axial ratios. 


Able 3. Porosity of cascaded beds and surface friction of 


| materials 
Material Porosity (%) Friction index Axial ratio 
Polystyrene beads 40-9 1-39 1-08 
Phosphor-bronze 40-9 1-20 1-00 
Steel 40-4 Pegs 1-00 
Glass A 40-1 Pols? 1-04 
,| Glass B 40-1 1:30 ilil@ 
‘| Lead 393 ail 1-05 


ij There is here some suggestion that friction plays an 
ipperimentally significant part in packing processes under 
Scading conditions, but no precise comparison can be 
‘jade between packing systems of particles possessing 
jfferent degrees of sphericity. Simple surface friction 
i/fects are likely to be obscured by even small resilience 
i}fects when particles are deposited by free fall. 

i 3.1.2. Layer porosities. Little variation could be found 
ij, the porosity in successive 2 in. thick layers of beds of 
ivass, phosphor-bronze and lead particles cascaded into the 
ceiver or dropped from heights up to 18 in., the basal layer 
weing ignored. As the thickness of layers was reduced, so 
yjwe range of variation increased from values of 0:1 °% porosity 
(etween all the 2 in. layers of a bed, to 0:25% between all 
hte 3in. layers. These variations indicate the propriety of 
(ieasuring the overall porosity as an indication of the 
acking, and suggest that, in a general sense, packing is 
/omogeneous throughout the height of a bed contained in 
This comment assumes a consistent wall effect 


joes not reveal any general trend related to the position of 
jn increment in the bed. 

4, 3.1.3. Overall effects of depositional variables. Figs 2, 
4 and 4 show the consequences of varying the height from 
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Fig. 2. Variation of improvement in packing with height of 
drop at 1400 particles per second. 


which particles of steel, phosphor-bronze, lead, glass and 
Fig. 2) polystyrene were dropped into the receiver and of 
varying, also, the intensity of deposition. Since resilience is 
ffective when particles collide, increasing the momentum of 
he descending particles must result in an increased resilience 
fect. It will later be shown that these figures contain 
mportant evidence which leads to an hypothesis of the 
packing mechanism. For the moment the following 
observations are pertinent: 
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Fig. 3. Variation of improvement in packing with height of 


drop at 4300 particles per second. 


(i) With all the materials and over the range of heights of 
drop used, the overall porosity decreases with increasing 
height of drop at constant intensity of deposition. Except 
in the case of steel dropped at 1400 particles per second, an 
equilibrium value of porosity occurs at a critical height 
above which no further decrease of porosity occurs. 
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Fig. 4. Variation of improvement in packing with height of 


drop at 9600 particles per second. 


(ii) This trend is caused by increasing the kinetic energy 
of the particles at impact. It is accentuated in the lowest 
intensity of deposition shown (Fig. 2) and the improvement 
in packing is reduced by increasing the intensity of 
deposition. 

(iii) The steel spheres, at the lowest intensity shown 
(1400 particles per second), pack more closely than the 
other materials. The trend towards closest packing in this 
case is strikingly different from the trends shown by the 
other materials and by steel spheres at higher intensities of 
deposition. A possible exception to this statement is the 
behaviour of the glass beads A (more nearly spherical than 
glass beads B) which appear, at a height of drop of 36 in. 
and a deposition rate of 1400 particles per second, to be 
incipiently following the trend of the steel spheres. Visual 
observation showed that at heights of drop exceeding 18 in. 
the steel spheres tended to pack, not only closely, but also 
in an ordered fashion, at any rate in the visible outer layers 
of side and top. Further experiments with glass beads A, 
glass beads B (two highly resilient materials of different 
sphericity) and phosphor-bronze spheres (almost perfectly 
spherical but of intermediate resilience) confirmed and 
amplified the observation above concerning glass beads A. 
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These packed in orderly array at the wall and top when 
dropped from 90 in. at 1400 particles per second. The less 
spherical glass beads B did not pack in orderly array at 
heights of drop up to 126 in. and phosphor-bronze failed to 
do so at heights up to 25 ft, although a small improvement in 
packing was apparent. The data quantifying these trends 
are in Table 4. 


Table 4. Improvement in packing of glass beads A and 
phosphor-bronze at heights of drop between 36 in. and 300 in. 


Height (in.) 36 42 54 60 66 90 126 180 300 


Improvement in packing (%) 
Glass beads 


A 11-0 11-2 11:5 14:0 14:0 14-0 — — — 
Phosphor- 
bronze (Geil es eS ee BOI SB. Ses} el 


It is evident that both the general trend towards closer 
packing with increased height of drop and the importantly 
anomalous behaviour of steel spheres and glass beads A in 


achieving ordered packing are related to the intensity} 
deposition. The significance of this depositional variabl}) 
further shown in Fig. 5. The known trend that the poro! 
of a bed is reduced as the intensity of deposition is redu 
(Kolbusczewski 1950) is seen here to be only a partial sté 
ment of the truth. In fact, there is displayed for e} 
material, except lead shot, a critical range or value }\p 
intensity of deposition which produces closest packing} 
the prevailing height of drop. Intensities not only abd 
but also below this range or value result in the producti 
of more open structured beds. The apparently anomal« 
behaviour of lead shot is evidently no more than an extre 
situation of the behaviour of the other materials. 


3.2. Wall effects in a cylinder 


3.2.1. Distribution of porosity from the wall. All 
above values of porosity refer to the entire bed as it is hy 
in the receiver. Such a bed can be regarded as compris 
essentially two main parts. These are a core of ‘normy 
packing which has the structure of an infinitely extensi| 
bed, and an annulus of disturbed packing whose structr} 
is associated with the wall. To give the data now availayly 
a significance wider than merely the environment of a 3 | 
diameter glass tube, and to justify a generally applica i 
quantitative statement of the significance of the resilienf 


HEIGHT OF DROP — 3 FEET of the particles, it is necessary at this stage to measure A 
ait Q steel effect upon the packing of the presence of the wall. | 
” Ee cipsivenmene | The packing situations studied experimentally by 
z x PHOSPHOR BRONZE | examination of sections of beds were those produced by le} 
= | & LEAD SHOT B, ena ohorchor arcs her d polyst bead IT 
2 16 , phosphor-bronze spheres and polystyrene beads whi! 
= oes either cascaded or dropped from 36in., and glass beads) 
2 ¢ivoneee Pee ae when either cascaded or dropped from 36 in. or 90 in. 
& 12¢ es, ml he LE aneor® * Ne last situation, consisting of ordered packing, was studied i 
rm iota * = / \ place of that produced by steel spheres dropped from 36 |ff 
2 aU wee ae because of our inability to cut the sections through this h 1 
= poate en e material without disrupting the specimen. The porosit | if 
se xo 7a 5 ascribed to successive layers from the wall in each case : ; 
dl eee See 7 Jess ern ce set out in Table 6. This table may be regarded as a form | 
Es oe \x histogram, the vertical lines indicating distance from the 
Sx being on a scale of distance. 
@ a0 ie i The calculated wall effects shown in Table 6 for tif 
LOG INTENSITY OF DEPOSITION (PARTICLES SECOND) ordered packing of steel spheres were derived from obse 
Fig. 5. The significance of intensity of deposition. tions of a bonded, but not sectioned, bed and from 
Table 6. Porosities of successive annuli, or layers, showing the measured wall effects with four materials 
. Overall Distance from wall (in.) 
Material Deposition porosity 0 1/4 1/2 3/4 1 
Lead cascaded 39 SPAS leA0ES BYSE@ || 37/25) 37-0 |) 38-9 7/8) Sia) 
36” drop 38:0) 44-0)" 35-3 34°25 3727) |" 38245 36-4 als 66mm Sia 
Phosphor-bronze cascaded 40:9 | 49-0 39-3 B78 Soa 40-1 B93 40-2 | 40:3 
36” drop Bhjo% || ayo, SH || SB! 34-0 | 38-3 Syfccs a si7/e8! 37-9 
Polystyrene cascaded 40-9 | 47-8 | 38-8 | 39-2 | 38-7 | 40-3 | 41-1 | 40-6 | 40-8 
36” drop Stor) |) 4bs0) | soe) || ae oq! 33-8 3/1 OM esi S/o) 35:5 
Glass A cascaded 40-1 47-9 39-3 39°00) 36:4ales7as Bx |i SSS | Byles! 
36” drop 35°6 | 42:4 | 37-9 | 29-8 SIS 34-5 | 36-1 34:9 | 36°6 
| 
*90” drop 35-0 37a soe? . | : : . . : 
(tees | [323 | 32) 314) ae a 
Steel} 36” drop 33-6 | 38-0 32:0 36-3 | 
| 


* In this case, the ordered packing, 
other cases. + Calculated values. 
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{measured wall effect data for the ordered packing of glass 
,,peads A thus: 
. Porosity 
38-0 (data for glass) 
x (unsectioned steel) 
36:3 (data for glass) 
33-6 (data for steel) 


Outer layer 

7 succeeding layers 
Core 

Overall 


| These data show that with each material cascading pro- 
_|tuces a packing of high porosity at the wall, a lower porosity 
jn the second annular layer and a nearly constant value 
‘Throughout the remainder of the bed. In cascading the 
yarticles roll to the wall which does not interact with them 
o exert a far reaching effect upon the packing. The data, 
,|lowever, show that the overall porosity is comparatively 
juigh because of the large voidage at the wall. When dropped, 
|he particles tend to pack from the wall. Because in these 
}xperiments the cylindrical wall approximates in shape to 
_jme side of a unit cell, better packing is promoted. The 
|mproved packing at the boundary allows closer packing in 
1 few of the succeeding layers. The influence of the wall is 
no longer apparent in four layers and the packing has again 
.}yecome that of an infinitely extensive bed. 

'| A different situation is evident when all the circumstances 
‘low ordered packing at the wall. As the data show, this 
‘prdered packing in the first layer allows a similar packing 
n succeeding layers until, eventually, disorder developes in 
ji: small central core. Doubtless the last arises from the 
‘mteraction and multiplication of dislocations emanating 
‘rom the wall and from imperfections of the receiver in 
‘felation to the shape and size of the unit cell. It is proper 
-o emphasize an important distinction here. The disordered 
acking in the core of an otherwise ordered bed is not as 
‘pompact as optimum, but haphazard, packing. The authors 


miquely as a consequence of the order in the packing of the 
juter layers, and in a larger container would still be confined 
‘0 a core of substantially the same size as that revealed in 
he 3 in. container. Consequently, the ordered array would 
jorobably be the extensive, characteristic, packing of such a 
Ibed. A bed built inwards from an ordered packing at the 
‘wall would thus comprise three regions, namely a single 
ayer of high porosity at the wall, a small (around 1 in. 
diameter) core of fairly high porosity and disordered packing 
ind, between these, an annular ordered bed of lower porosity, 
yilling the remainder of the receiver irrespective of its size. 
3.2.2. Porosity of the infinitely extensive bed. If the 
qypothesis be accepted that in the absence of ordered dis- 
dosition at the wall the packing in a cylindrical receiver can 
de regarded as an annulus of disturbed packing, determined 
oy the wall, surrounding a region of undisturbed, ‘normal’ 
sacking which is that which would have been established in 
an infinitely extensive bed, then the generally applicable 
juantitative improvement in the normal packing caused by 
the selected conditions of deposition can be assessed. The 
differences between normal and container-held (that is, 
entire) packings produced by cascading are given in Table 7, 
and those for packings produced by dropping the particles 
from a height of 36 in. in Table 8. 
_ The comparatively small differences between the porosity 
of the normal (i.e. infinitely extensive) packing and that of 
the entire container-held bed shown in Table 8 result from 
the self-cancelling tendency of two opposing trends, which 
occur when a bed is created by dropping the particles from 
a height. In such circumstances, it is suggested, the wall 
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Table 7. Porosities of normal packings, N, and container-held 
beds, c, produced by cascading 
Porosity (%) 


Material c N c-N 
Lead shot 39-3 Bia +1-8 
Phosphor-bronze 40-9 SI)07/ +1-2 
Glass beads A 40-1 38-3 +1-8 
Polystyrene beads 40-9 39-8 +11 


Table 8. Porosities of normal packings, N, and container-held 
beds, c, produced by dropping particles 36 in. 
Porosity (%) 
N 


Material c c-N 
Lead shot 38-0 Sil) aes 3 
Phosphor-bronze 38-2 S56 +0-6 
Glass beads A 3526 SoS) +0-1 
Polystyrene beads 36°4 36:7 —0°3 


acts (i) as a starting surface tending to promote good packing 
of rebounding particles, and (ii) as a limit or boundary at 
which, because of shape and size, particles cannot pack so 
closely as they can against other particles. 

All the porosities of the normal cascaded packings are 
approximately 1-5°% lower than those of the container-held 
beds. Normal packings produced by dropping the particles 
from 36 in. are 0:2°% lower in porosity than the container- 
held beds. Consequently the improvement of a normal 
packing caused by increasing the impact velocity of falling 
particles to 150in/s is approximately 1-3% of porosity 
lower than the improvement noted for the container-held beds. 
That is, filling a receiver by dropping particles into it results 
in a greater improvement of the packing at the wall than at the 
core, compared with filling by a gentle cascading operation. 


3.3. The influence of resilience 


It is now possible to make a first quantitative and funda- 
mental appraisal of the influence of the resilience of the 
particle material upon the packing. The optimum (i.e. closest) 
packing of steel spheres, glass beads, phosphor-bronze 
spheres, lead shot and polystyrene beads is related to the 
coefficients of restitution of the materials in Fig. 6. The 
relationship is both in terms of porosity and of improvement 
in packing. This optimum packing is that which would be 
achieved for all particle materials at a level of intensity of 
deposition in the range 100 to 1400 particles per second and 
at impact velocities greater than 150in/s. The optimum 
packing may either be that of the extensive core free from 
wall effects in the case of haphazard packing, or that of the 
extensive ordered packing between the single boundary 
layer and the small disordered core, a situation achieved 
with steel and glass A at 1400 particles per second. 

It is evident from Fig. 6 that the resilience of the particle 
material must be regarded as having as much influence upon 
the porosity of a bed as the conditions of deposition. 


4. A mechanism of packing 


A fuller exploration of the role of the resilience of the 
particle material stems from the visual observation that the 
activity of steel spheres at the surface of a growing bed 
packing in ordered array exceeded that of phosphor-bronze 
spheres dropped from the same height. The latter packed 
in haphazard manner. A slow motion (64 frames per second) 
cine film record of the growth of beds of steel spheres, built 
by dropping the particles from heights of 18 in. and 36 in., 
and of a bed of phosphor-bronze spheres, built by dropping 
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the particles from 36 in., all at an intensity of 1400 particles 

per second showed that four regions of the growing bed could 

always be distinguished: 

(a) a stable region in which all particles are at rest; 

(6) a region comprising the top layers of the bed in which 
particles move in groups or aggregates; 

(c) a dome-shaped region above the last in which all the par- 
ticles are in individual motion, cascading or interacting; 

(d) above the dome, a cloud of rebounding and arriving 
particles. 

Measurements of the extent of the last three regions and 

visual assessments of the activity in them are summarized 

below. 


Phosphor-bronze dropped from 36 in. 
Region (6)—At least six layers thick. Motion sluggish and 
intermittent. 
Region (c)—+ in. high. Motion mostly cascading. 
Region (d)—# in. high. Sparsely populated. 


Steel dropped from 18 in. 


Region (6)—At least five or six layers thick. Motion con- 
tinuous. 

Region (c)—+ in. high. Activity greater than phosphor- 
bronze dropped from 36 in. 

Region (d)—1} in. high. Sparsely populated. 


Steel dropped from 36 in. and achieving ordered packing 


Region (6)—At least six layers thick. Motion continuous 
and notably more vigorous than in the two 
preceding cases. 

Region (c)—More than 4in. high. This region is now in 
fact a very densely populated cloud, i.e. re- 
bounding dominates cascading. 

Region (d)—14 in. high. Much more populated than in 
the previous experiments. 


The most striking difference in the behaviour of the 
particles in the three situations examined is that of the 
intensity of the jostling of the particles in the top layers of 
the growing bed. This was greatest for steel spheres dropped 
from 36 in. and it was evident from the film that this move- 
ment, having a critical intensity, caused these particles to 
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pack in preferred positions. It is reasonable to conclude |e 
the moment that any material will achieve optimum pack |) 
if a critical level of activity in the upper layers of a grow |/%\ 
bed is exceeded. Because materials differ in physical Pil) 
perties, the extent to which kinetic energy, originating in 7 
energy of fall, is transmitted through a bed depends up 
the material of which the particles are composed. C¢ 
sequently, for each material there is a critical level of ene! 
increment (energy increment being the kinetic enes 
imparted to a target particle by a descending particle) whi 
must be exceeded to produce the required intensity of activil , 
Further, it is clear that a critical rate of repeated applicatici]}) 
of the appropriate level of energy increment must be excee af 
if the required intensity of continuous movement in if i 
upper layers is to be achieved. For a particular intensity 
deposition, the rate of repeated applications of ener 
increments depends upon the elastic properties of the parti 
material. 

The intensity of activity in the upper layers of a growi 
bed may be assessed as the time during which an ene 
increment is effective in maintaining movement in the z 
layer below the surface. Thus the condition for optimu 
packing can be stated as a requirement to exceed a minimu}) 
magnitude of motion for a minimum time. It follows direc} 
that the minimum time may not be achieved (i) if the energy 
increments are less than the critical, (ii) if, at an energy ley) 
exceeding the critical, the rate of renewed application [§ 
increments is reduced below a critical value, (iii) if, at energ; 
increment and rate of repeated application levels exceedaf} 
the critical, a critical upper level of intensity of depositify 
is exceeded. 

The last restriction follows from the fact that increas 
the rate of deposition increases the number of target parti 
as well as the number falling, so that the number of impa 
per second per target particle tends to remain constant w 
the rate of growth of the bed increases in the proportion 
the increase in the rate of deposition. This results i 
reduction in the duration of upper layer activity with ti} 
consequent increase in porosity of the bed at high depositii) 
rates noted in Fig. 5. For any material the minimum ti 
of motion, achieved by appropriate height of drop a 
intensity of deposition, depends upon the ability of tp 
particle material to impart kinetic energy on impact, that |f 
upon its resilience. 

While these conditions determine optimum packing aj 
the reasoning accounts for the general trends displayed 
Figs 2, 3, 4 and 5, the production of ordered packing |}; 
displayed, for example, by the steel spheres in particull) 
circumstances involves another condition, namely 
existence of a wall interacting with sufficiently active particl#§: 
Thus an improvement in packing can occur if the aboif 
conditions are met either (i) by the interaction of particl¥! 
only or (ii) by the interaction of particles with other partic]#} 
and with the receiver walls. The former produces a hat} 
hazard packing which tends towards an optimum closene# 
and is that of an infinitely extensive bed. The latter ten} 
to packings which originate from the wall and tend to |} 
ordered. Minor defects in particle shape inevitably prevel: 
the creation of ordered packings in any circumstances, | 
consequence of the hypothetical mechanism illustrated | 
the behaviour of the nearly spherical glass beads A and 
less spherical glass beads B. | 

The authors’ attempt to express quantitatively the cal} 
ditions which result in optimum packing assumes that t# 
hypothetical mechanism outlined above is correct and thi 
the rate of decay of the kinetic energy imparted by jf 
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f ypacting particle is a function of resilience only. The value 
| this decay rate depends upon the number of collisions 
_ jid the kinetic energy lost in each. The general statement is 
} ary A (e)}", where V,, is the velocity of particles in the 
\h layer, U is the velocity of the impacting particle, m 
pfers to the particle material, f(e) is a function of the 
efficient of restitution, n is the number of collisons. If it 
{2 assumed that collisons are all simple, the general expression 
,jcomes Vim = Uy{(1 + e)/2}", where V,,,, is the velocity of 
‘te particle in the nth layer, ie. n = atte (It is virtually 
lrtain that 7” is greater than x.) Assuming for the moment 
lat n = x = 6 (least number of layers observed in move- 
“jent when steel spheres packed in ordered array after falling 
{5 in.), the impact velocity at which perfect glass spheres 
y ad perfect phosphor-bronze spheres may be expected to 
jack in Oty array oe be calculated from the data for 
Teer: thus, U,r,° = = U, re , where r = 4(1 + e) and g ands 

sfer to glass and steel. "The respective impact velocities and 
is *quired heights of drop are 


glass, 15-8 ft/s, ie. 47 in. drop 
phosphor-bronze, 56 ft/s, i.e. 50 ft drop. 


,| In experiments the glass beads A achieved ordered packing 
vhen dropped from 90in., the less truly spherical glass 
iteads B did not show ordered packing even when dropped 
om 125 in. and the phosphor-bronze spheres did not pack 
{1 this manner when dropped from 25 ft, the greatest height 
" vailable to us. Clearly, x is greater than 6. An estimate of 
vjae value of x derived from the data for glass beads A is 
=A 

.| The general statement may now be made on the basis of 
ur data and argument that ordered packing of a material 
1 of resilience e,, will be induced by an impact velocity U,,, 
jyhen U,, = 120/{4(1 + e,,)}!7 in/s and will be prevented by 
_|hape imperfections. 


5. Conclusions 
5.1. Wall effects 


ti The effect of a wall upon the packing in its vicinity is 
\ritically dependent upon the conditions of deposition. 
When particles are cascaded, the packing proceeds from the 
entre towards the wall whose perturbing effect extends only 
swo particle diameters. The porosity of the extensive core 
is less than that of the whole bed. In a 3 in. diameter tube 
he amount of this difference is 1:5% porosity. Beds 
fiormed when particles fall from heights greater than 30 in. 
jnay consist, like cascaded beds, of a normal core surrounded 
oy an annulus in which the wall effect persists for four 
joarticle diameters. In such beds the porosity of the core is 
only slightly lower than that of the whole bed. In a 3 in. 
liameter tube this small difference has a value of 0:2% 
porosity. Sufficiently intense interaction of moving particles 
nm the upper layers of a growing bed with one another and 
with the wall allows ordered packing at the wall. The bed 
sacks in this case from the wall inwards in ordered array, 
until minor imperfections create a small disordered core. 


5.2. Packing of an infinitely extensive bed of spheres 


_ When formed by cascading, the porosity of an infinitely 
2xtensive bed of dry spheres is in the range 38-5 + 1:0%. 
The packing depends mainly upon the spherical shape and 
fo only a minor extent upon the surface friction of the 
oarticles. The extent of compaction of a bed of spheres 
from an initial porosity level within this range is equally 
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determined, inter alia, by the height of drop, intensity of 
deposition and resilience of the particle material. Minor 
departures from perfect sphericity mask the modifying 
influence of resilience upon the packing trends produced by 
the conditions of deposition. 

5.2.1. Conditions of deposition. Optimum packing of an 
infinitely extensive bed of spherical particles of all materials 
is achieved above a height of drop of approximately 30 in. 
(impact velocity 150 in/s) at an intensity of deposition in the 
range 100 to 1400 particles per second. 

5.2.2. Resilience. The level of optimum packing which is 
produced by the conditions of deposition depends upon the 
resilience of the particle material. The salient features of 
the relationship between the resilience, as measured by the 
coefficient of restitution, and the improvement in packing 
with reference to the core of a cascaded bed as datum are: 


0-0-4 0:40°8 0:8-1:0 
Nil nil-10 10-c. 20 


Coefficient of restitution 
Improvement in packing (%) 


5.3. The activation of ordered packing 


For an optimum packing the energy increment supplied 
by a falling particle on deposition must be above a critical 
value, the rate of renewed application of increments must be 
above a critical level and the intensity of deposition must be 
below a critical level. 

The presence of a wall interacting with the moving upper 
layers of a growing bed allows ordered packing at the wall 
if the interaction is sufficiently great. Ordered packing at 
the wall promotes ordered packing in the succeeding, inner 
layers. In the circumstances studied, ordered packing occurs 
when the intensity of deposition is approximately 1400 
particles per second at impact velocities above a critical 
value. This value has tentatively been related to the resilience 
of the particle material in the expression 


120 : 
eipaeaye a 


Ordered packing is prevented by minor imperfections of 
the particle shape. 


Uy = 
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Abstract 


Flow experiments give an equation relating € to S in ierms 
of measurable quantities, where « is the inter-granular 
porosity of the bed, and S is the envelope surface area of 
the granules in 1 cm? of bed. Heywood’s shape factors 
for the granules give a second equation relating « to S. 
Using the two equations « and S can be determined 
uniquely. If the tortuosity factor be taken to be 7/2 in 
the equations given previously (Jones 1956), connecting the 
friction factor X and the Reynolds number (Re), then 
A =16/(Re) for granular beds, as for long straight tubes. 


HE flow of a fluid through a granular bed is related to 

«3/S and other measurable quantities, where € is the 

inter-granular porosity of the bed, and S is the envelope 
surface area of the granules in 1 cm? of bed. ¢€ and S cannot 
be determined uniquely from flow alone and when the 
granules are themselves porous difficulties exist in determining 
either « or S separately by other means; for example, if € be 
determined by a liquid displacement method then doubt 
exists as to the extent of the penetration of liquid into the 
pores of the granules and if attempts are made to seal the 
pores before immersion in liquid doubts exist as to the 
efficiency of the sealing. .S cannot be determined by an 
adsorption method because then the internal area of the 
pores would contribute to the area which is measured. 
However, Heywood’s (1947) shape factors can be used to 
give a set of equations connecting € with S and these can be 
used in conjunction with flow experiments, to determine € 
and S uniquely. 


Theoretical 


The principle of the method is the application of the 
result of the previous paper (Jones 1956), namely, that if the 
flow resistance of a bed is represented on a graph showing 
log A as a function of log (Re), where A is the friction factor 
and (Re) the Reynolds number, then the graphs will be the 
same for beds of irregular granules as they are for beds of 
regular granules. To represent the flow resistance on such a 
graph use is made of the equations 


A = +/2Ape} gl/pur{S + (4/D)} 


and (Re) = 2y/2up/n{S + (4/D)} (1) 
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where Ap is the flow resistance of the bed (cm w.g.), € is 
porosity of the bed, D its diameter, and / its length, S isi | 
envelope surface area of the granules in 1 cm? of bed, 
the velocity of flow of the fluid of density p and viscosi#® 
into, or out of, the bed. For beds of regular solid partifj 
(e.g. lead shot) all the quantities in Eqn (1) can be determ 
and the position of the graph established. The values 
and S can then be chosen for the beds of irregular parti 
so that the flow results lie on the same graph. 

To chose a value for € assume a value for the enve 


unit volume of bed, € can be determined. Once d is 
the value of S is also fixed since d and S are interconnedf/ 
through the following sequence of equations. (The te} 
used in the equations are defined after the complete sequeé 
has been written down.) 


k (Heywood’s volume constant) = 1/dNd,°. 
ff (Heywood’s surface coefficient) = 


1-57 + Ck4B{(n + 1)/n'/3} 
So (the specific surface determined optically) = Nf. dsx 


Once So is found S follows from the weight of unit vol 
of the granular bed. 

In Egns (2) to (4), N is the number of granules per gramaj 
n is the elongation index being the ratio L/B where L is 
average length of the granules and B their average brea’ 
(Heywood 1947), C is a constant put equal to 3-1, d, 
mean projected diameter’ of a granule is defined 
d, = 4A/7N, where A is the specific projected area of [fj 
granules settled in their most stable position. | 

If an incorrect value is chosen for d in the first place th 
€ and S will be wrong and in the streamline region of flow | 
graph representing log A as a function of log (Re) for 
granules will be parallel to the graph established using le k 
shot. ¢ and S must now be altered to make the gragt 
coincide in the streamline region of flow. Consider | 
choice of d to be wrong by a factor x then k will be wrct. 
by a factor 1/x, f will be wrong by a factor y, whith 
y = {1-57 + CRAB (n+ 1)/x4Bn'}/1 +57 + Ck4B(n + 1)/n} 
and So and S will both be wrong by a factor y. e will 
wrong by a factor z, where z=(x —1-+6)/xe. Thi 
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jitead of log A and log (Re) the wrong values log A + log z3 
log y and log (Re) — log y have been calculated; in practice, 
4, y, hence the displacement of the graph representing 
sults for the granules is approximately log z3; thus z is 
_|and and, subsequently, the correct values of ¢€ and S. 


Experimental 


The quantities in the equations (1) to (4) which are measur- 
le are Ap, u, N, d, and n. These were measured with 
paratus very similar to that described in the previous 
per (Jones 1956), using the same experimental technique; 
jeed, the only constructional alteration in the apparatus 
is in the flow apparatus in that alcohol manometers after 
> design of Kovacié (1953) were used for measuring pressure 
ferences less than 2 cm w.g., instead of the aniline/sodium- 
rbonate manometer used previously. Two alcohol mano- 
sters were used; one measuring a pressure difference of 
nm w.g. full scale, the other measuring 2 cm w.g. full scale. 
The other quantities occurring in Eqns (1) to (4) are 
iown from the known properties of air and the known 
mensions of the charcoal beds, except of course, « and S 
uich are being determined. Having determined e« and S 
2 quantities V (envelope volume per gramme) and Sp could 
calculated. V and Sg should be constant for each charcoal 
(dependent of any variation in e« and S from bed to bed. 
{jie dimensions of the beds used in the experiments were 


2m. The four canisters of each diameter had lengths of 
-, 2, 3 and 4cm, respectively. More than one bed of any 

ven dimension was made up during the course of the 
periments. The beds were not used for the sole purpose of 
termining « and S, but were used in uptake experiments; 
.a the other hand, the flow characteristics of each was 
seasured and the results can be used for the purpose of 
iding « and S. For the largest granules flow experiments 
Jere also made with a bed 120 cm long and 2 cm in diameter. 
In taking samples of charcoal for measurement of L and B 
‘re was taken to avoid choosing the larger particles because 

ey are more evident in a number of granules spread on a 
hite background; therefore, in sampling the charcoal, a 
yoonful was taken from the bottle and all the granules in 
ie spoonful examined. Another spoonful was then taken 
id so on until at least 50 granules had been measured. The 
ume procedure was followed in counting granules for the 
stermination of N except that here the sample counted was 
jpout 0-5 gm. (In the case of the —52 +60 charcoal the 
lumple was dispersed in a large known volume of glycerine 
jad the number of granules in a known small part of this 
dunted, after filtration.) To avoid dust adding to the value 

A the granules were washed in alcohol before evaluating A. 
live sieve fractions separated from one stock of charcoal 
ere studied in the experiments. The charcoals are described 
i the Table. 
| Results obtained with flows of air from 0-03 1/min to 
‘01/min through beds of lead shot are shown in Fig. 1(a). 
‘he straight portion of the curve corresponds to streamline 
‘ow through the beds and the point of departure of the curve 
‘om the straight line to the onset of turbulence; this occurs 
ta value of Reynolds number of about 3-0. 

Several errors of observation can occur. At the smallest 
ow by far the largest are the errors in determining the 
ressure difference across the bed and in determining the 
ow itself; the other errors are negligible. In plotting the 
oints on Fig. 1(a) at low flow (small values of Reynolds 
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' POROSITY AND SURFACE AREA OF A GRANULAR BED 


mic | 


Diam. of Size of 


€ lead shot peal (Oxf) 
mm. 
0425 2:80 2x4 


0-422 280 2x2 
0408 280 3x3 
0 408 241 2x4 
0-403 241 3x3 
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Fig. 1. Curves showing the relationship between the friction 


factor and Reynolds number for beds of (a) lead shot, (6) char- 
coal granules. 


number), the most unfavourable case is represented, that is, 
where the two errors work in the same direction to produce 
a larger error. At high flows a number of observational 
errors of about the same magnitude occur; it is unreasonable 
to assume they can all act in the same direction so that the 
root mean square error is given for these. 

The curve established in the streamline region of flow 
using lead shot beds is shown again in Fig. 1(6) by the broken 
line. The experimental points obtained using three different 
beds of charcoal from the B.S.S. range —8 + 10 are shown 
on the figure. To calculate « and S the superficial density 
was taken to be 0-715 g cm~?; the best straight line through 
points at values of Reynolds number less than 3-0 is shown 
by the full line. This line represents streamline flow through 
the charcoal beds. The full line can be made to coincide 
with the broken line by taking the density of the charcoal to 
be 0:695gcm~3, Results for other grades of charcoals, 
together with shape factors relating to the charcoals are 
given in the Table. The symbols used in the Table are defined 
by equations (2) to (4). 

The experimental errors in Fig. 1(5) are determined as 
for those in Fig. 1(a). It is important to note that care must 
be taken in measuring the diameter of the beds, since it 
ultimately occurs as the fourth power in A and squared in (Re). 


Discussion 


It is known from other experiments that values determined 
for the surface area of granular particles depend on the 
experimental method used and, consequently, the surface 
area should be defined in relation to the use to which the 
values of the surface area are put. The work which has been 
described was carried out as part of a series of experiments 
to measure the uptake of benzene by charcoal beds as a 
function of the physical variables of the beds, the benzene 
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Table. 
Directly measurable 
Da N A dp (cm) 
B.S.S. range (cm) gal (cm? g—1) +41t101% 
— 8+10 0-187 BISt sD, 16:-4+0°4 0-256 
—10+12 0-154 560 + 6 19) et O PS Oe 21 
—14+16 0-110 ISAS) ae: 27:3 +0°4 0-148 
—18+22 0-078 4740 + 25 All Set O72 OR 108 
=§2+60 0:°027 1:240-1 x10 131 22 0-0375 


being carried in an air stream passing through the beds 
(Mills 1959), and it was thought that flow porosity and 
envelope surface area (as defined by flow) would be relevant 
variables to consider and therefore measure. But values of ¢€ 
and S as defined by flow would be of value in many other 
problems where the flow of fluids around granular particles 
occurs, for example, not only in consolidated beds, but also 
in fluidized beds and under conditions where particles fall 
through fluids (Institute of Physics Conference 1951). The 
usefulness of determining ¢ and S (and hence V and Sp) by a 
flow method is therefore clear. The question arising is how 
far the method described here does measure the flow porosity 
and surface area of the granular beds. This question was in 
effect answered by the work of the previous paper (Jones 
1956) when it was shown that Eqn (1) did apply to regular 
and irregular particles, the value of S for the irregular particles 
having been determined from the Eqns (2) to (4) and the 
envelope volume (and hence ¢) from liquid displacement 
and a relationship between € and D,,/D. In this work the 
envelope volume was not found from liquid displacement, 
but V and Sp were found by trial and error by using the 
sequence of Eqns (1) to (4). This paper is, in fact, an 
account of the method of trial and error. As a check on 
this present work the volume of fluid displaced statically by 
the charcoal was found at the Chemical Defence Experi- 
mental Establishment, Porton, by immersing the unsieved 
charcoal in mercury (under a pressure of 1 atm) and also 
by immersing the charcoal in water, after treating the char- 
coal with silicone fluid. The purpose of the silicone treatment 
was to make the charcoal water-repellent so that water did 
not penetrate the interior of the granules. The specific 
volume V was found to be 1:38 cm? g~! from immersion in 
mercury and also from immersion in water. On the other 
hand, the average value of V taken from the Table is 
1-43 cm? g~! which is 34% greater than the value found by 
liquid displacement. Since the value of V is the same by 
both mercury displacement and water displacement, the 
value 1-38 must be right since if there were much penetration 
into the interior it would be unlikely that it would be the 
same for the different liquids. The slightly greater volume 
found by air flow could be accounted for by supposing a 
stagnant layer of air of 10~4cm thickness to cling to the 
particles during the flow experiments; considering the rough- 
ness of the particles such a stagnant layer would not be 
surprising. In any event it is felt the agreement between the 
results of the various methods of finding V, which have been 
described is sufficiently close to justify the use of air flow 
together with Heywood’s shape factors to find porosities 
and surface areas for use in problems where fluid flow occurs. 

Consider now the absolute position of the curve of Fig. 1(a) 
with respect to the coordinate axes. In the previous paper 
comparison was made between the results given there and 
those summarized by Rose and Mott (Institute of Physics 
Conference 1951), for regular particles, allowance being 
made for different definitions of A and (Re), and it was seen 
that the results were in mutual agreement over those parts 
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experiments ! 

dp V(cem3 g—1) k So(cm 2liye 
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0-303 0-210 1:44 1-37 1:44 0-269 57} 
0-250 0-189 1332 9-37 © 145 ez 68 | 
On7/S ORS 2 15297 SS ar 4102276 94}, 
0-144 0-100 1°44 «1°38% 11-43) .O:2537 0140) 
0-046 0-033 L°41)1°37 (4 VO.2Z2 ieee 


(values of log (Re) > 0-6). The results given in Fig. | t 
are similarly in agreement with previous results. A 
from the results of the previous paper and those given ]|)_ 
no results are known for values of log (Re) < 0:6; 
examination of the results given here and those given in 
previous paper will show they deviate from one ano) 
when log (Re) < 0:0. Several precautions were taken} 
calibrating instruments for the determination of the absa 
position of the line on Fig. 1(a) and its position is conside}) 
to be reliable; the linear part of the curve satisfies the equa: 
A = 19-5/(Re). In streamline flow through straight tu 
A = 16/(Re). The numerical constant 19-5 depends |) 
definitions used in deriving expressions for A and (Re) 
Rose (Institute of Physics Conference 1951), whose numer 
constants are different from ours by a factor of 100), }) 
also on the numbers substituted for quantities such as |) 
tortuosity factor /,/l; if in deriving Eqn (1) /./] were | 
equal to 7/2 instead of 4/2 then A = 16/(Re) for beds as} 
tubes. The tortuosity factor was equated to 1/2 in Eq 
after Carman (1956, p. 45), but there is considerable j 
fication for taking 7/2 as the tortuosity factor in that 
the ratio between the semi-circumference and the diamete# 
a circle and thus represents the longer path taken roun 
sphere rather than through it (Carman 1956). To be able 
represent flow through granular beds on the same curva 
flow through tubes is a satisfying result and a pleasing apf 
cation of the principles of similarity. To be able to do 
directly Eqn (1) should be modified by putting J,/] = 
instead of equal to 1/2; Eqn (1) then becomes 


A = 32Ape3 g/m lpu2{S + (4/D)} 
and R = mup/n{S + (4/D)}. 


In conclusion, the absolute position of the curve of Fig. iff 
does not affect the values found for e and S§ for the chara} 
beds. These values are chosen so that the curve represen dy 
the flow through the charcoal beds coincides with that rer f 
senting the flow through the lead shot beds of known € ana} 
Hence, constants in Eqn (1) and constants of calibration#| 
flow apparatus do not alter the values found for « and SW 
the charcoal beds. 


The work was done in consultation with the Chemial 
Defence Experimental Establishment, Porton. We iy 
particularly grateful to Dr. F. A. P. Maggs for his inter f 
in the work. 
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Abstract 


' molecular fluorescence method of comparing the 
,aickness of transparent films (in the range 3 X 10~°® to 
{0-2 cm) is described. An instrument for use in the middle 
jf this range (10-4 cm) is also described and results show 
tat its accuracy is to better than +2°%. 


Introduction 


ANY methods for measuring the thickness of films 
are available. When, however, a thin film is adhering 
to a relatively thick base considerable difficulties 


Principle 


_ Molecular fluorescence has long been used as a means of 
themical analysis and more recently it has been used for 
.{aspection purposes, e.g. crack detection. Sawyer and Heath* 
jiave described a quantitative method for air pollution studies 
a which a fluorescent dye is mixed with the pollutants and 
he distribution of the fluorescent tracer used to infer the 
listribution of the pollutant. This principle can be extended 
o the measurement of the thickness of films which are either 
luorescent or which can be dyed with a fluorescent dye. Let 
1s consider the system of Fig. 1, where we have a fluorescent 
iim of thickness ¢ on a non-fluorescent opaque substrate 
\fluminated at an angle 6 by light of wavelength A; and 
fotensity J. The fluorescent light of wavelength A, and 
ntensity V at an angle ¢ to the film is measured by the 
letector D. It is shown in the appendix that 


ge KALH i +rp+ £0 — phere’ — rpe~?2t 


+ Cre +0% + Cpett-00 —s | 


where 


O = an,(n,2 — sin 70)—* + bny(n,* — sin? ¢)~* 
T = an\(n,2 — sin? 0)—* — bn,(n.? — sin? 6)~? 
and K is the efficiency of the fluorescent conversion, A is the 
area of film viewed, H the solid angle of the cone of light 


sntering the detector, r and p are the reflectivities of the 
substrate at A, and A, a and b are the absorption coefficients 


* Ministry of Supply, Chemical Warfare Defence Establishment, 
Porton Technical Paper No. 180, May 1950. 
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‘Mleasurement of thickness of thin transparent films 
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and n, and ny, the refractive indices of the dyed film at A, 
and Ab. 

This relation holds both for materials which are self- 
fluorescent and for those in which a fluorescent dye is uni- 
formly dispersed. In general, the relation between thickness 


LITA TTT I TET AA MEA ETT TTL TTA 


Fig. 1. Measurement of film thickness. 

and measured fluorescent intensity is not linear, but where 
Qt and Tt < 1 the relation approximates to the linear. In 
the case of films which are non-fluorescent and sensibly trans- 
parent in themselves and to which a dye is added, a, b and K 
are functions of dye concentration. It is therefore possible 
to increase the range of thickness over which the approxi- 
mation holds by decreasing the concentration of dye. 

In this laboratory we have utilized this principle to measure 
the thickness of a variety of films on several different sub- 
strates. Most of our work has been with organic coatings 
and adhesives, of the order of 10~4cm thick, on tin or 
aluminium substrates. For these films a fairly low dye con- 
centration (0:03°%) was shown to give adequate sensitivity 
with the instrument described below, and at this concen- 
tration the relation between thickness and fluorescent 
intensity was linear for all film thicknesses up to at least 
10-3cm. In some cases considerably thicker films have 
been successfully measured by this method. Polythene has 
been measured in thicknesses up to 10~2cm and dioctyl 
sebacate films ranging in thickness from 7 x 10—3cm down 
to an average of about 10~®cm have been successfully 
measured. With the thinnest of these films it was, as expected, 
possible to preserve linearity with a considerably increased 
dye concentration. This ability to increase dye concentration 
in thin films greatly increases the range of the instrument to 
be described. If the condition that Qt and Jt < 1 is not 
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fulfilled the relation between J and t becomes more non-linear 
with increasing thickness and ultimately J becomes virtually 
insensitive to changes in thickness. 

Apart from the need to exclude ambient light the method 
is non-contacting and may, therefore, be extended to the 
continuous measurement of the thickness of films on sub- 
strates which are in the form of moving webs. An instrument 
for this purpose is at present under developinent in this 
laboratory. 


Apparatus 


The fluorimeter consists of two units, the viewing head 
containing the light sources and the detector, and another 
unit which houses the photometer circuit and power supplies. 

The viewing head is shown in Fig. 2. The head is divided 
into two compartments by the shelf A. The upper part 


Fig. 2. The viewing head. 


T, ultra-violet emitting tubes; 
PM, side-window photomultiplier; S, shutter; B, sample; 
F,, ultra-violet transmitting filters; F2, ultra-violet stopping 
filter; W, quartz window; R, sponge-rubber framework. 


A, shelf supporting filters; 


contains two 4-w 6-in. fluorescent tubes T which have peak 
emission at a wavelength of about 360 myx. The two Wratten 
18A filters (Kodak Ltd.) F, allow only the ultra-violet light 
emitted by these tubes to pass into the lower compartment 
illuminating the sample at about 50°. A 27 M1 photo- 
multiplier (Siemens Edison Swan Ltd.) PM is enclosed in a 
light-tight housing, the window of which opens into the 
lower compartment allowing the multiplier to view the sample 
normally. A light-tight shutter S is provided in front of this 
window, enabling the head to be moved without high light 
intensity damaging the photomultiplier. On the underside of 
the shelf there is an unmounted Wratten 2B gelatine filter F, 
in front of the photomultiplier window. Below the multiplier 
there is a quartz window W through which the sample is 
viewed. Outside the bottom of the box the window is sur- 
rounded with a sponge-rubber framework which forms a light- 
tight seal with the sample. 

Although the photomultiplier is protected by a 2B filter 
the layout of the head is such that no ultra-violet light is 
specularly reflected on to this filter as, in common with all 
filters tried, it fluoresces to some extent. The inside of the 
viewing head is painted with a matt black paint which has 
been selected to be as nearly non-fluorescent as possible. 

The measuring circuit and power supplies are conventional, 
the circuit being shown in Fig. 3. The combination of the 
constant voltage transformer and the corona discharge tube 
stabilizes the supply voltage for the dynode chain to better 
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ae 
SKT, PL, SKT, PL2 


Fig. 3. Circuit diagram of fluorimeter. 
R,; =22kQN+1%,4wHS. Tz = 240 v/1000 v, 5 mA transfor? 
R2 = 30kQ carbon resistor 
R3 = 6:2 kQ carbon resistor v = twin triode 
R4 = 5kQ carbon resistor = stabilizer, 800 v 
Rs = 4-3 kQ carbon resistor v. = photomultiplier 
Reo, Rg = 100kQ + 10%, 4 w 


FL;, FL2 = 4 w, 6in. u.v. tubes 
STi, ST2 = 


Rz = 47k© carbon resistor 


Ro, Rio = 10 MQ carbon resistor lamp starter 


Ry, = 470 kQ carbon resistor L; = lamp choke 
Rj2-R21 = 150kQ +1%,4w HS. M;, = meter 0-100 ma 
RT; = rectifier contact, full wave 
C}, C2 = 4 uF 450 Vv, dic. electrolytic RT2 = = rectifier, half wave 
C3 = 0-1 uF 350 v, d.c. paper 1 = neon indicator 


F,, Fo = fuse 100 ma, 230/250 v aij 


Ga Cs = 0:25 uF 1500 vy, d.c. paper 
1, S2 = on/off two pole 5A 


= 190-260 v/240 v, 15 w_trans- 
former 


than 0:2%. The sum of the meter resistance and R, is s 
that the instrument has a linear response within the rangeg. 
the meter. Changes in sensitivity are achieved by vary) 
the anode load of the photomultiplier. 

All thickness measurements made with this instrument | 
comparative, and a specially formulated uranium glass} 
used as standard. The instrument can be used for absol i! 
thickness measurement, however, provided that a calibrat} 
experiment is carried out. When the film is dyed it is ad 
able to check the calibration for each batch of dyed fil 
Since the relation between fluorescence intensity and thi 
ness is sensibly linear it is only necessary to check the caf 
bration at a few points. 

To take a reading, the viewing head is placed on a clag! 
sample of the substrate and the zero set by adjusting R 
With the head placed on the standard, the upper end of 
scale is then set by adjusting RV). The function of RV. 


and to back-off both the photomultiplier dark current aj 
the signal due to stray light. RV, varies the anode load | 
the multiplier and hence the sensitivity. This adjustmef 
enables the reading for the standard to be set to a given valu 
thus compensating for changes in lamp brightness and oth 
components. Usually a standard is chosen which fluores¢ a 
more brightly than the thickest sample to be measured. Wi 
some loss of accuracy samples which fluoresce more brigh? 
than the standard can be measured by adjusting the se 
sitivity to give an intermediate reading on the standard. |} 


The dye 


Except in rare cases, where the coating has absorption al | 
emission bands at appropriate wavelengths, it is necessary | 


add a fluorescent dye to the film. Most of the films examin 
Vou. 12, Apri, 1961| 


ive been water white and for these a fluorescent brightening 
{sent Tinopal PCRP (The Geigy Co.), which absorbs at 
ound 360 my and emits at about 450 my was used. With 
e instrument described, only small amounts (0:03°% has 
»en found adequate) of this dye are required for film thick- 
ssses of 5 x 10-4cm. This material has the advantages 
‘at it is soluble in the solvents used in applying the films 
id is heat stable up to at least 300° c. Where the film is 
ploured, a dye should be chosen whose emission bands do 
yt coincide with the absorption bands of the film. 
The method can be extended to cases where the substrate 
fluorescent. In this case it is necessary that the dye chosen 
_}tould fluoresce at a wavelength well removed from that at 
“yhich the substrate fluoresces. Suitable filters can then be 
sed to absorb the unwanted fluorescence from the substrate. 
_|n alternative method where the substrate is uniformly 
yyorescent, is to use the decrease in apparent fluorescence of 
€ substrate caused by absorption in the film. The bright- 
2ss of the radiation reaching the detector is reduced if the 
m absorbs either the exciting or the emitted radiation. In 
.|rtain types of film it is convenient to add an absorber of 
tra-violet light while in other cases it is better to use a dye 
hich absorbs the emitted light. The masking technique 
iffers from the minor defect that, if the film absorbs strongly, 
sji¢ relation between thickness and fluorescent intensity is 
yn-linear while if the absorption of the film is feeble the 
jickness is found from the difference of two large quantities. 


| 


Results 


Figure 4 illustrates the results obtainable with the instru- 
ent. Twenty-four small samples of tinplate were coated 


0 


90 


Scale reading 


50 


Film thickness (10 * cm) 
| Fig. 4. Correlation of fluorescent reading with film thickness. 


“ith a clear vinyl material containing 0:03% of dye. Froma 
nowledge of the areas of the pieces of tinplate, their weights 
‘efore and after coating and the density of the coating, the 
loating thickness on each can be calculated. Fluorescence 
tensity is expressed as a percentage of the brightness of the 
‘ranium glass standard. The correlation coefficient of film 
yeight on fluorescence reading is 0-996. Instrumental 
tability was investigated by taking twenty readings of the 
luorescence intensity of a block of uranium glass at three- 
ainute intervals without altering either control. The standard 
eviation of these readings was 0:84% of the mean of the 
eadings. 


MEASUREMENT OF THICKNESS OF THIN TRANSPARENT FILMS USING FLUORESCENCE 


The instrument has been used to check the performance 
of machinery used to coat large sheets of tinplate. For this 
purpose it is necessary to determine film thickness at a con- 
siderable number of points on each of a number of conse- 
cutive sheets. The previously used method consisted of 
stamping out disks and weighing these before and after 
destructive removal of the coating. This procedure took 
several days to perform. Using the fluorimeter a more 
extensive survey is possible and the results can still be 
obtained in less than a day. 
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Appendix 


The relation between fluorescent intensity and thickness 


Let us consider an element V of volume 6Adx at a distance x 
below the surface of the film. Let us assume that after 
refraction at the surface of the film the illuminating beam 
makes an angle « to the vertical and the axis of the beam 
received by the detector makes an angle f to the vertical in 
the film, see Fig. 1. 

Assuming the Bouguer absorption law, the intensity of 
incident light reaching A is given by 


U = Je~ secu + Ire~ @t-»*) sec & 


The total fluorescent intensity emitted by the volume V is 
F = KUédAdx. If the solid angle, in the film, subtended by 
the detector is € the total intensity of fluorescent light from 
V reaching the detector is 


Z= pie sec B ae Fpe—P#—») sec By, 


The total intensity from the column of cross-sectional area 


t 
5A reaching the detector is Y = i Zdx. Hence 
0 


IS AKe Q 
= = Ot —20t 
Ne 40 it at oe 7 pe rpe 


Q (r+Q)t Q (T—Q)t | 
ea’ = =| 
re Sie phe 
where Q = aseca + b sec Band T = a seca — b sec f. Since 
sin « = n,—!sin 6 and sin 8B = nz~! sin ¢, these become 


O = an,(n,;2 — sin? 6)—* + bn,(ny2 — sin? ¢)~? 
T = an,(n,2 — sin? 6)—* — bnx(n2? — sin? ¢)~?. 


Assuming that the geometry of the detecting system is such 
that all areas such as 5A have, on average, an equal effect, 
we may write 


y= eek Saree Qa ae phere — rpe~22t 


a Sret+0r ae  pett-01 = | 
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Conformal transformations by analogue computer 


by E. J. JOSS and D. S. ROSS, The Royal College of Science and Technology, Glasgow 


M.S. received 5th October 1960 


Abstract 


This paper describes the use of an analogue computer to 
generate certain conformal transformations of the circle, 
these being of use in the analysis of stress patterns in the 
neighbourhood of holes of various shapes. The relation- 
ship between the form of transformation and the shape 
produced is also discussed. 


Purpose 


been carried out on stress concentration in the neigh- 

bourhood of holes of various shapes in a plate under 
tension (Ross 1958). The analytical determination of the 
stresses is possible using Muskhelishvili’s (1953) method 
(Godfrey 1956) if the shape of the hole can be expressed as a 
conformal transformation of the circle. It was desired to 
obtain the transformations for the shapes of hole investigated 
experimentally, so that experimental and analytical results 
could be compared. 


Bess work, using photoelastic methods, has 


Theory 


The complex number z = r exp (i) gives a circle on the 
Argand diagram for constant r and varying 6. The form of 
transformation used was a power series in z, starting with 

=I 
Zz G 
For square and cruciform holes the transformation was: 


vez itteAt bz? +czil4+ (1) 
where a, b, c,...are coefficients, numerically less than 1, 
which diminish as the power of z increases. The form is 


based on: 
z ={z-) 4208 (2) 
= (Ne= =n ae 


If z=rexp (i) = cos? + isin@ forr = 1 
z’ = cos @ + acos 36 + bcos 70 + ccos110 +... 
+ i(— sin@ + asin36 + bsin70+csin110+...) (3) 


which gives a = 4, b = 


Computer set-up 


Four Government-surplus sine-cosine potentiometers of 
the rectangular-card type were geared together with an 
arrangement of change wheels, so that different speed ratios 
were available (Fig. 1). 

For the above transformation the gearing was arranged to 
give potentiometer speeds of w, 3w, 7w and 11 wrad/s 
when the assembly was driven by an electric motor. The 
potentiometers were fed from a common + 100 v supply and 
the phasing adjusted so that the voltages 100 cos wt 
— 100 sin wt, 100 cos 3w1, etc., were produced (Fig. 2). Each 
voltage was then passed through a sign-reversing amplifier 
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Arrangement of change wheels allowing differen} 
speed ratios for potentiometers. 


Fig. 1. 


sign reversing sin - cos 
amplifiers potentiometers 


coefficient IMQ +100V -l00V 
IMQ 


potentiometers ea Pec 
=hiK 
One : , 


> 


©) 
Aj 
£3 
i 
© 


eS <= 
summing 
amplifier 


oscilloscope 
Fig. 2. Circuit diagram used for arrangement shown in Fig. 1) 
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an adjustable ten-turn helical potentiometer, the reversing 
iplifier being used to reduce loading errors in the sin-cos 
tentiometers. The helical potentiometers could be set to 
e the required coefficients a, b, c, . . . with an accuracy to 
1% of the full-scale travel of the potentiometer, using a 
dge circuit to allow for loading effects. The resulting 
sine and sine voltages were added in separate summing 
iplifiers, the sums being the x and y components of z’. 
ese were fed to the x- and y-plates of an oscilloscope and, 
the potentiometers rotated, the transformation was traced 
t on the oscilloscope screen. 

Figs 3(a)-(k) show some of the results obtained. 


(d) (e) (f) 
Ss Ca ae ee 
(9) (h) (i) 


| Fig. 3. Various results obtained on oscilloscope screen as the 


potentiometers are rotated. 


\(@) z-1 + 423, (6) z-1 + 423, (c) z-1 + 423 — 427 
sp ae 

\(d) z-1 + 422, (e) z-1 + 422, (f) z-1 +422 + (1/45)z5 
+ (1/162)z8. 

eiza! + 42. (a) BON Sb eee hy, @) 238 sp oy? = ye 
— 0:038z5 


Gi zat ret. (kK) 2-1 + aisz7. 


a 


ae ee ena 


i BE pa 


Fic. 4. A general view of the computer. 
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CONFORMAL TRANSFORMATIONS BY ANALOGUE COMPUTER 


Choice of form of transformation 


The first two terms in the series, z~! + az}, give the 
transformation its basically square shape, while the higher 
terms, having smaller coefficients have minor effects on the 
shape, being used mainly to adjust corner radii. The term 
z—! can be regarded as a unit vector tracing a unit circle 
clockwise at w rad/s, while the az? term gives a vector of 
length a rotating anticlockwise at 3w rad/s. When a = 4, 
the transformation is the hypocycloid generated by the circle 
radius a rolling inside a circle radius 1 + a. This curve has 
four cusps and is shown in Fig. 3(d). 

For small values of a the transformation is a ‘square’ with 
convex sides and large corner radii, and as a increases to + 
the sides become concave and the corner radius decreases to 
zero. For a > 4 loops appear at the corners of the figure. 

Suitable choice of a, b, and c will result in the cruciform 
figure (Fig. 3c) with various radii at the ends of the arms. 

The transformations z~! + az*, z~!1 + az> will produce 
triangular and hexagonal forms respectively, the number of 
sides in the figure being one greater than the higher index of z. 


Rectangular shape 


This transformation includes a term in z which combines 
with the z~! term to give an ellipse. This is then developed 
into a four-sided figure by adding a term in z?. 


i.e. fe = og Ne pe De ip? te GP BE 
=(1 + a)coswt+ bcos3wt+... 
+ i{— (1 —a)sinwt + bsin3wt+...} @ 


The first terms of the two series give an ellipse, axes 1 + a 
and 1 — a. 
Conclusion 


The equipment described made exploration of the various 
transformations simple and rapid. The subsequent stress 
analysis based on the transformations obtained gave very 
satisfactory agreement with the experimental results. 

The accuracy of the work is limited by errors in the sine— 
cosine potentiometers, the oscilloscope, and in measurement 
of the photographs. If greater accuracy had been desired 
the two latter sources of error could have been eliminated by 
taking static readings of the components of z’, using the 
measuring bridge of the computer. 
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Method for the consistent transformation of physical 
equations into non-dimensionally parametric form 


by J. C. AMSON, B.Sc., British Welding Research Association, Abington, Cambridge 


MS. received 26th September 1960 


Abstract 


Necessary and sufficient conditions for the existence of a 
simplifying transformation of a set of physical equations 
are given, whereby the physical variables involved become 
a less numerous set of dimensionless parameters. The 
proof provides a method for performing this transformation 
and for deciding whether it is unique, and this method is 
described. Whilst such a_ transformation is always 
possible for a single physical equation whose form is 
algebraic, its existence and description is not always 
apparent when more than one such algebraic equation is 
affected and the transformation is required to apply con- 
sistently to each, or when the equations are not algebraic. 
The method described is applicable not merely to sets of 
general equations, but to any collection of power-products 
of physical variables whose consistent transformation is 
desired. 


1. Introduction 


physical quantities as variables, many of which remain 

effectively constant during the description of a parti- 
cular physical situation; the gravity acceleration variable, for 
example, is effectively a constant in most dynamical situations 
located at the earth’s surface, yet appears prolifically in 
appropriate dynamical equations. The presence of such 
‘numerically static’ variables, whilst physically necessary in 
any complete equation, detracts not only from the ease with 
which physical equations involving them can be manipulated, 
but also from the ease with which the ‘working’ variables 
are recognized as such so far as that particular physical 
situation is concerned. Methods of dimensional analysis 
(Bridgman 1931, Langhaar 1951) are known which (inter alia) 
condense automatically the number of variables by assimi- 
lating the numerically static variables into clusters about the 
working variables. These clusters are dimensionless and are, 
in fact, parameters which describe lucidly the behaviour of 
the physical situation concerned in terms of the non-trans- 
formed working variables. Moreover, these parameters are 
linearly independent or else linearly based on an independent 
set of dimensionless parameters, the so-called complete 
set (Birkhoff 1950, Langhaar 1951), and any non-dimen- 
sionally parametric description is always in terms of such a 
linearly based set. Now whenever the physical equations 
have been derived by dimensional methods, the choice of the 
dimensionless parameters as linear combinations of the 
complete set is clear; but the choice can be far from clear 
when we have to deal with a number of equations which 
have been derived by other than dimensional methods. Then 
the choice may be tedious or non-existent; that is, it might 
be impossible to choose a set of dimensionless parameters 


Pe equations often involve a large number of 
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which will apply consistently to each of the given equaty)§ 
and the lack of direct evidence of the impossibility calf: 
prevent much fruitless searching for the non-existent Jip 
meters. | 

But there are many advantages to be gained both pj 
cally and mathematically by the employment of dimeng 
less parameters in place of the actual physical variables, 
it is often desirable to utilize fully these advantages wit 
having to have obtained a set of equations via the | 
sional method. The purpose of this paper is to give neces} 
and sufficient conditions for the existence of a consid® 
transformation of the physical equations, which will pe 
the description of the physical situation in terms of dimens 
less parameters, and to describe a simple systematic me 
for performing the transformation whenever the condi 
are satisfied in a particular case and the transformation 
been shown to exist uniquely or otherwise. 


1 


2. The physical equations 

We suppose initially that the physical equations we ata 
transform are simultaneous, dimensionally homogeneous } 
complete (Focken 1953), but are otherwise not specified. | 
Suppose the terms of our equations form a set S of | 
non-zero power-products, each of which is typically off 
form 


I m 
k, IlxeewIL yb w= 1,..N 


r=1 s=1 


where the k,, are non-zero scalar (dimensionless) coefficig 
the x, are (J) primary* physical variables, dependent on é¢ 
other and on the y,, the y, are (m) secondary* independf 
physical variables, the a,, and b,,, are finite scalar expon!f) 
and w is an orderly subscripting of the power-products i 

Suppose further, without loss of generality, that 4 
member of S is already dimensionless. (If the meni 
originally had been an argument of some transcendelf) 
function, it would be already dimensionless, and if it | 
come from an algebraic equation it could have been nil 
dimensionless, if not already so, in virtue of the hypot! 
of dimensional homogeneity, simply by having first divii} 
each such equation by any one of its non-zero terms.) 

Suppose D, and D, are the (¢ x J) and (¢ x m) dimens}: 


* It is important to appreciate that this segregation of phys 
variables into primary and secondary sets is not to be conful. 
with the distinction between fundamental and derived quanti 
(Focken 1953) used in dimensional analysis and sometimes cath 
the primary and secondary quantities respectively. Here | 
segregation is for descriptive convenience only; the prin 
variables are the ‘working’ variables of the Introduction, and} 
secondary variables are the ‘numerically static’. | 
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itrices (Langhaar 1951) of the x, and y, variables respec- 
ely, with respect to a set of (q) dimensionally fundamental 
it quantities; and F = ((f,,)) is the transpose of a matrix 
exponents. 


3. The transformation 


Let T be a transformation such that 
m 
ee yo rr ae) (2) 
s—t 


d (i) the transformed variables €, are dimensionless 


rameters, i.e. 
D,+D,F=0 (3) 
di) for each w = 1,..., N we have 
1 
les il x, are tt you =k, l E rw, (4) 
r=1 i | 


_/ds transformation preserves the simultaneity of the original 
} uations, since by (4) each term is replaced by a fully 
‘jaivalent one, the dimensional homogeneity, since by (3) 
|d (4) each original dimensionless term is replaced by a 
_Inensionless product of dimensionless parameters, and the 
: mpleteness, since this property is unaffected by a trans- 
jemation such as T. It also reduces the original set of 
‘| m variables to a set of / dimensionless parameters, con- 
_|tently throughout S. Thus the transformation T is of the 
jad we are seeking; we shall now give the conditions for its 
jistence. 


4. Existence conditions 


Let A =((qa,,,)) be the (/ x N) matrix of primary exponents, 
| rank R, and let B = ((6,,)) be the (m x N) matrix of 


‘ondary exponents. Let Rk(M), re| "4, Rk(M, c) be 


j2 rank of a matrix M, of a matrix M augmented by a row 
\ictor r, and of a matrix M augmented by a column vector c, 
spectively. Let e,, be the sth row vector of the unit matrix 
|, and e,, be the Ath column vector of the unit matrix I(7_p). 
jst D, be partitioned as [D,,, D,,], where D,; and D,, are 
x R) and {g x (J — R)} submatrices respectively. 

|Then necessary and sufficient conditions for a trans- 
j tmation T to exist uniquely are either 


A é 
R= Ri) = Ril gM | Wey lam R= 


A 
= = Rk ; = il; noo le IRE ifs 
R= RKA) = Ril og |, 5 . 
id Rk(D2) = Rk{D,, (— D)2e,)} = m 
= 1—R. 


eee 
lhe necessary and sufficient conditions for an infinity of 
ansformations T to exist, are 


A zs 
R = RK(A) = Ril Ag |. #= ieee tL Ree, 


ad Rk(D,) = RK{D,, (— Dj ,e,42)} < m 

ieee. be. 

he necessary and sufficient condition for no transformation 
‘to exist, is 


R = Rk(A) < rid on for at least one value of s, 
S* 
Si vileroeansit: 
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5. Proof of existence conditions 


We shall prove sufficiency only, whence, since all steps 
are reversible, the truth of the converse is immediate. 


Whenever Rk(A) = Ril A } fae mn 
e,,.B 


the equations zA=6,B 

are soluble for 7A I Goo Mls 

where Z, is a (1 X /) row,vector. 
Putting Z,= €,,6, 5 = Lagat 
we have €,,6A = 6,8, s=1,2.-m 


from which we construct row-wise the equation 


CA =B (5) 
which obviously retains solubility for C. 
Hence the equation FA=B (6) 


is soluble for F, and we may re-write it in subscript notation, 


as bs, = Gap Wala ee, 


s=!] 
m m ( a if 
Hence II you = II y,\r=i ware) 


and conversely, since the y, are independent and non-zero 
by hypothesis. Thus 


I 
= 
= 
SS 
ce 


By assumption the a,,,are finite and k, + 0, w=1,...N 
and x, = 0,r=1,-...4 


hence we have, non-trivially 


l m 1 1 om 
ky I x,/frw II y pow =k, II ee Theth y,ferare 


r=1 s=1 r=1 r=1 s=1 


m aro 
ie. k, tl x, Gre th ylw =k Tf 14x: I] yo} 
1 


ot eee 


Hence a transformation T’ exists: 


9 igre a ot Mae I yf, r= 1, ap 
which satisfies for each w=1,...N, the condition (4). 
We shall now show that a solution F of (6) is also a solution 
of (3) and hence that T’ = 


Case (i): R = Rk(A) = 1. 

By hypothesis there exists A’, an (/ x /) non-singular minor 
of A. 

Let B’ be the (m x 1) submatrix of B, whose column sub- 
scripts are those of A’. Let a, and b,, w = 1,... N, be the 
columns of A and B respectively. 

Then since the terms (1) are dimensionless by assumption, 


wehave D,a,+D,b, =O, w=1,...N 
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and we can construct column-wise the equation 


D,A+D,B =O (7) 
and in particular 
D,A’ + D,B’ = O, (8) 
|A’| + 0. 
Similarly by the construction of (5), we have from (6) 
FA’— B’=O (9) 
|A’| + 0. 


Pre-multiplying (9) by D, 
D,FA’ — 
and adding (8), we get 
D,FA’ + D,A’ = O, ic. (D,F + D,)A’ = O 
and since;|A’| + 0, we have finally 
D,F+D, =O. 


Hence the solution F of (6) satisfies (3) as required, thus 
T’=T. Further, the hypothesis Rk(A) = / is the condition 
for a unique solution z, of z,A = e,,B, s =1,...m and 
hence the condition for a unique solution F of (6). Since the 
transformation T is determined by F, the uniqueness of F 
implies the uniqueness of T. 


D,B’= 0 


Case (ii): R = Rk(A) <1. 
By hypothesis there exists an (R x R) non-singular minor 


of A. 
Suppose without loss of generality that 


A,,A 
i Nera | oil ee 
Ree 
such that Ai, is of type (R x R), and |A,,| + 0. 
Since F is a solution of CA = B we can partition F and B 
so that 


A,,A 
LAA 


Hence those equations involving the coefficients a are 
22 


| — [B,B,]. (10) 


redundant. 
Further, there are infinitely many solutions F of 


[F, F] A, _B (11) the secondary variables which determine the transforma) 
AN A, 1 of the primary variable associated with that column. 
to effect the literal transformation T over S, having recoaf 
with F, arbitrary. A Pipe the above transformation of the primary variables, we 
Conformably partitioning D, we have from (7) simply re-write every term of S, retaining the scalar caf 
rer cients k, unaltered, replacing each x, by &, to the si 
[D,,D,>] | AS ne +D,B=0O. (12) power and removing completely each y,. The original seéf’ 
21°22 is thus written consistently in non-dimensionally paraiag f 
Pre-multiplying (10) by D,, we have form. | 
; A A 7. Example 
17412 a ; 
o[F Fla a —D,B=0O. (13) The following example indicates the facility with wi i 
ie the transformation be eff : 
Adding“(12) and (13), we aa may be effected. A set of four equaticf 
apg =k,br — kyI?,a>b 
A.A A,,A 372 = kabA , 
D..D TGS Pare) oy = = 142} _o a 20°T, a<b 
[PD ral] Atal| + DLFLF Atta? aes 
a = k,Wb* 
from which we have in particular Pips eth i ; fal i) 
escribes the consumption of a low-resistivity wire-rod an} 
D,,A,,; + D,,A,, + D,F,A,, + D,F,A,, = O in a vertical arc discharge, the anode becoming fused 
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i.e. (Dy, + DJF)Ai, + (Dy, + D)F,)A2; = O. | 
But F, is arbitrary and by hypothesis |) 
Rk(D,) = RK{D,, (— Dye,)}, A= 1,. 
so we can choose F, such that 
D,. + D,F, =O 


the choice being unique whenever Rk(D,) = m. 


but |A,;| + 0, 
hence D,, + D,F, = O. 


Eqns (14) and (15) are clearly equivalent to 
D, + DF — (Oo) 


condition (14), satisfies (3) as required, thus T’ = 
being unique or not, according as Rk(D,) is equal or not + 


A 
Whenever Rk(A) < Ri 


S* 
s =1,... m, then at least one equation z,A = 
s=1,...m, is msoluble, hus im this case; nosequa 
CA = B can be constructed, hence an equation FA = 
insoluble for F, and no transformation T exists. — 
concludes the proof. 


a for at least one value | 


6. Method for computing the transformation 


The proof above provides a simple method for compu) 
T whenever T exists. 

If existence conditions (i) are satisfied, then T is fal! 
from (8), using 


F = BA-*. 


If existence conditions (ii) are satisfied, then T is fag 
from (11), using 


F, = (B, — F,A),)A,,~! 
and (14) D,F, = —D,, 


the appropriate choices under (14) being dealt with as 
arise. 

Thus in either case the matrix F of the transformatic#! 
determined, and each column of F contains the exponent} 


‘ltached in a sequence of drops within the arc in a regular 
anner whilst being advanced towards the cathode at a 
gular rate. There are ten variables, five of which may be 
garded as primary, i.e. ] = 5, viz. W, wire-rod feed speed; 
frequency of drop detachment; J, arc current; a, radius of 
tached drop; 6, radius of wire-rod anode; and five 
condary, i.e. m = 5, viz. p, density of anode material; g, 
avity acceleration; 7, surface tension of fused anode 
aterial; v, voltage drop across the arc system; e«, energy 
quired to fuse unit mass of anode material. 

To transform the set (16) into non-dimensionally para- 
etric form, we first re-write them in dimensionless terms: 


=~ 


m= k,a~*bp_!g—'+ — kaI2a-3p'2-!, a> b 

m— koI-2a- °b*r, aad 

1 = k3f-'Ia~3p—'ve-! (17) 
1 =k, Wah? 


i are five non-trivial terms, that is, N =5. With the 
_— used above the exponent matrices are: 


| Term number 
1 22 3 4 5 
4 A=W Oe 0. UO 1 
if 0 0 Oo —1 —-I1 
I 0 2 —2 1 0 
a|-—3 -—3 -—3 -3 -—3 
b 1 0 4 0 Dy 
1 2 3 4 5 
Bee togig el 1). 40 
| pale tel) 0 0 ml 
i T 1 0 1 0 0 (18) 
v 0 0 0 1 0 
€ 0 0 Oo —t1l 0 


We shall form the dimension matrices D,, D,, with respect 
» the set of fundamental unit quantities: MM (mass), 
(length),'\7 (time), as follows: 


WwW if if a b 

D.=Mro 0 4 0 0 

16, 1 0 4 1 1 

T{|-1 -1 -1 0 0 

Pp & T Vv € 

D=Mri oOo 1 4 oO 
peas 1 Ons ee (19) 

ls 0 2 2 2 2 
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We may check Egns (17), etc. from Eqn (7):D,A + D,B=O., 
By inspection we note that 


RK(A) = Rk [esa =5, 


and R = /; hence this is a sufficient condition for a unique 
transformation to exist, the transformation being determined 
by the matrix: 


WwW f Il a b 
Pe BAs =) 1 Speer 
3 5 1 1 1 
4 a 4 2 2 Si 
+ + + 5 y | 7 0) 
—1 —-I1 0 0 0) Vv 
1 1 0 0) 0) € 


from which we record the new form of the primary variables 
as dimensionless parameters: 


W>Q = W(ptg—3)tev—! 
f—2>® = f(r3p—!g- tev! 


I—-J = I(pgr—> (21) 
a—>a = a(pgr—')t 
b—>B = b(pgr—')t 


That these parameters are in fact dimensionless is readily 
checked by inserting (19) and (20) into (3): D, + D,F = O. 
Thus the unique non-dimensionally parametric form of the 
set of original equations (16) appears, under (21) as 


J?03 = kof, a< fp 


Oo3 => kJ (22) 
On? = 6,087 
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Abstract 


In a loaded lamina of complicated shape stress con- 
centrations arise which it is difficult to calculate. A 
model in the form of an electrolytic tank may be used to 
find the resultant stress at any point in a loaded lamina. 
The tank is made of an insulating material in the same 
shape as the lamina and filled with an electrolyte. It is 
fitted with electrodes to represent the areas over which 
the load is applied. The loads are represented in magni- 
tude by the alternating currents flowing through the 
electrodes and in direction by the relative phase angles of 
the currents. The electric current at any point in the 
model tank can be sampled with a probe consisting of 
two fine wires a short distance apart. The resultant stress 
at a point in the loaded lamina is proportional to the 
electric current at the corresponding point in the model 
tank. This approach offers a valuable addition to means 
already available for finding stress concentrations in 
laminae of complicated shape. 


Introduction 


HEN a lamina of simple shape has a load applied to 

it, the form of the resulting stresses within it are 

usually obvious, and stress concentrations which 
result from changes in shape are calculable. When, however, 
the shape becomes more complicated, the stress distribution 
within the lamina is less obvious and calculations of stress 
concentrations become virtually impossible. In order to 
estimate stress concentrations, an empirical approach, such 
as the use of models, becomes necessary. The method com- 
monly used employs the photoelastic properties of models 
made of a transparent plastic, but the analogy with the electric 
current distribution in an electrolytic tank also has much to 
recommend it. 

Theory 


This approach depends on an analogy between eiectrical 
and mechanical stress. It is well known that the general 
two-dimensional expression for the distribution of the sum 
of the principal stresses in an elastically strained lamina 
satisfies Laplace’s equation, viz. 

7h 04 

0x2 dy? 
where & = sum of principal stresses, i.e. the resultant stress 
at any point. Laplace’s equation is also satisfied by the 
distribution of electric current in a lamina, heace 

or oF ae 

ox2 | dy? 


=0 


* Now at Canadair Limited, Montreal, Canada. 
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In principle it should be possible to use an electric ana 
based on the latter to represent the former, although 
question of representing the boundary conditions | 
obviously present considerable problems. Such an ana 
has in fact been used by Thum and Bautz (1934 see | 
Hetenyi 1950) to determine the stress distribution for a 
of non-uniform cross section in torsion. 

To see the application of the analogy to any two-dimensi) 
system of forces acting on a lamina, consider first the sit 
case shown in Fig. 1. A homogeneous lamina of uni 
thickness is represented by a similarly shaped tank un 


AREAQ 


NS 
v 


Fig. 1. A lamina with a uniformly distributed tensile lo 
at each end is represented by a model tank with electrodes 
each end. 


a uniform depth of electrolyte. The uniformly distrib 
load on each end of the lamina is represented by an elect 
potential applied to metal electrodes occupying each end 
the tank. The resultant stress at any section of ared 
clearly P/a. The electrical analogy requires this to be re 
sented by the current flowing in the section. It woul 
inconvenient to measure the current, but the poten 
gradient is proportional to it and can be found. 

In the simple case considered, where there were only 
points of load application, it followed as a condition of st 
loading that the two forces were equal and opposite. W 
there are three or more forces applied to a lamina in eq 
brium, the algebraic sum of their resolved component 
any given direction will be zero. If the current flow is 
be analogous to the stress distribution, then the sum of 
resolved components of the currents must also be zero. 
can only be so if the current is alternating, and if the curre 
supplied to the electrodes differ in phase by angles co 
sponding to the angles between the lines of action of 
forces they represent. Also the magnitudes of the curr 
must be in the ratio of the magnitudes of the forces t 
represent. Fig. 2 illustrates this in a simple case where fon 
are applied to the mid-points of the sides of a right-ang 
triangle. The potential gradient at any point in the el 
trolyte still represents the resultant mechanical stress at 
corresponding point in the loaded lamina, but the poten 
gradient will now vary in phase throughout the tank. 
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1ot important since it is the magnitude of the potential 
dient which gives the resultant stress. 

\ lamina of uniform thickness is easily represented by a 
k with a uniform depth of electrolyte. A lamina of non- 
form thickness can be represented by a tank of non- 
form depth, if one face is plane and corresponds to the 
face of the electrolyte. If one face is not plane, repre- 
tation becomes difficult unless the lamina is symmetrical 
yut some plane. This plane of symmetry can then be 
resented by the surface of the electrolyte. 

\s has been stated above, the current through each elec- 
de should be proportional in magnitude and phase angle 


J2F 


iy 3m 


371 311 v2 1 Sin(wt) 
4 4 


I sin(wt+2 ot a) I sin(wt+ 37) 


“ig. 2. The forces applied to the mid-points of the sides of a 
‘Wamina in the shape of a right-angled triangle are represented 
by forces as shown. 


the magnitude and angle of application of the force which 
represents. The area over which the force is applied is 
|yresented by the area of the electrode to which the corre- 
ynding current is fed. 

jSummarizing, it will be seen that boundary conditions 
1 be satisfied such that any balanced two-dimensional 
item of concentrated or uniformly distributed forces acting 
| a lamina of uniform thickness can be represented. It is 
0 possible to represent these forces applied to a lamina of 
jn-uniform thickness if there is one plane surface or a 
ne of symmetry, since either of these can be represented 
the surface of the electrolyte. In practice this means 
at there are very few problems which cannot be solved. 


Electrolytic tank technique 


‘General. Many problems, ranging from heat flow calcu- 
tions to the design of electrode structures for electronic 
joes, have been solved with the aid of an electrolytic tank 
jalogy, and there exists in various published papers a con- 
lerable fund of experience on the technique of using the 
jak (see Boothroyd, Cherry and Maker 1948, Mickelsen 
49, Boothroyd 1951, Dadda 1951, Einstein 1951, Farr and 
Hilson 1951, Sanders and Yates 1952, Liebmann 1953, 
'ggle and Hartill 1954, Hartill, McQueen and Robson 1957). 
fnce much of the experience is directly applicable to this 
fe of a tank, only those aspects of tank technique where this 
lsthod differs from others will be discussed in detail. 

‘A problem encountered in all electrolytic tank work is the 
38 of accuracy due to the polarization potential drop at 
2 surface of contact between the electrolyte and the 
sctrodes. The errors are minimized by supplying the 
sctrodes with alternating current of about 400c/s. For 
vtimum results the electrode material should have a fine 
ain structure and be coated with carbon or platinum black. 
he best electrolyte is distilled water, but tap water is satis- 
ctory in most cases. The tank itself should be made or 
ied with a good insulating material and should be such 
at strips of plastic or wood can be temporarily cemented 
it to build up the shape of the body in which it is desired 
simulate the stresses. 
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Supply of current. The power capacity of the 400 c/s 
supply will vary with the size of tank and the total area of the 
electrodes. For a tank with its greatest dimension of the 
order of 4ft, a supply of 25 watts has proved more than 
sufficient. Where it is only required to simulate two forces, 
the supply need have no adjustment. If more than two 
forces are required, but they are collinear, then it must be 
possible to vary and measure the current to each electrode. 
This can be done simply as shown in Fig. 3. The supply can 
be derived from a small alternator or an electronic oscillator. 

In the general case where it is required to simulate more 
than two forces with any angle between them, it must be 
possible to independently measure and control the magnitude 
and phase of the current through any one electrode relative 
to the others. The exact form which the phase control takes 
depends on whether the supply is derived from an alternator 
or electronic oscillator. The method described makes use 
of a three-phase alternator. 

The schematic diagram in Fig. 4 shows the general arrange- 
ment. The three-phase alternator has a tapped resistor 
between each phase, and other tapped resistors from these 
to the star point. Ra, Rg and Re are used to give phase 


sae 


400c/s 
SUPPLY 
Io F, 
Fig. 3. For collinear forces the electrode currents are either 


in phase or 180 degrees out of phase, depending on whether the 
forces they represent reinforce or oppose each other. 


variation and R,, R>, R; and Ry, give amplitude variation. 
Clearly one electrode supply will be used as a reference and 
fed direct from one of the phases (/,). For each electrode, 
other than that used as a reference, a separate slider on 
Ra, Rg or Re will be required. The position of the sliders 
on Rg, Rg and R¢ can be calibrated to read off the relative 
phase angle directly. Then the amplitude of the current to 
each electrode can be set up by varying R;, R», R3; and R, 
and reading on the appropriate ammeter. Although this is 
not a particularly elegant or efficient method of obtaining 
the necessary variable phase supplies, it makes use of readily 
obtainable, robust units which are relatively immune from 
faults. 

Measurement of potential. For the simpler cases, where 
there are only two forces or where there are more than two 
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collinear forces, the potential gradient at any point in the 
tank may be found by plotting the potential at a large number 
of points, and graphically determining the potential gradient 


3 PHASE 
ALTERNATOR 


Fy 


Fig. 4. The phase of the current to each electrode is varied 
by adjustment of a slider on Ra, Rg or Rc and the amplitude 
is varied by adjustment of Ry, R2, R3 or R4. 


(see Fig. 5). Even in simple cases this is tedious, and the 
coordinates of the points at which each measurement is 
made must be precisely recorded if the potential gradient is 
to be found accurately. This method is not easily applicable 
where the forces are not collinear since there is then a phase 
difference between the electrodes. 

The potential gradient may be measured directly by using 
a probe which consists of two fine vertical wires fixed a 


VOLTAGE TO 
BE MEASURED 


r 


———— 


400 c/s SUPPLY 


Fig. 5. A single wire probe may be used to plot the potential 
distribution. 


small distance apart and just protruding into the electrolyte. 
By measuring the potential difference between these wires at 
any point, a measure of the potential gradient at that point 
and in the plane of the two wires is obtained. If the probe 
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is made so that it can be rotated, then the maximum pot 
gradient at any point can be found. Recently an imp} 
probe has been developed by Hartill, McQueen and Ral 
(1957) which eliminates the error due to the capillary Fe 
of electrolyte between the twin wires. 

The potential across the probe may convenientl 
measured with a potentiometer. The unknown potent} 
compared with a known potential and the difference indi 
on a sensitive measuring device (e.g. a cathode-ray os 
scope). The known potential is varied until a null po} 
reached, where the difference between the known anq 
unknown is a minimum. Fig. 6 shows the arrange} 
where there are two or more collinear forces, i.e. there} 
single phase supply. The voltage applied to the elect: 


SELECTIVE AMPLIFIERY 


400c/s SUPPLY 


Fig. 6. A two-wire probe may be used to measure 
potential gradient directly. The probe voltage is measu 
with a potentiometer. 


is reduced by a transformer and connected across a pote} 
meter. The slider of the potentiometer moves over a 
and has the potential across the probe applied betwe¢ 
and one end of the potentiometer. The difference bety 
the two potentials is developed across a small transfo 
and fed via an amplifier to a cathode-ray oscilloscope. 
slider is adjusted so that there is a minimum deflection or 
cathode-ray oscilloscope, i.e. until there is a horizontal 
The amplifier which feeds the error to the cathodeé 
oscilloscope may be made sensitive only to the frequ 
used, and the effect of stray pick-up can thus be reduced. 

If the forces represented are not collinear, the supply te 
transformer feeding the potentiometer must be from a so 
which can provide a phase angle variation of 180 deg 
This can be arranged as shown in Fig. 7 where the three p! 
supply from the alternator is fed to a synchro-control tr 
mitter (e.g. a Selsyn generator), where the rotor will devs 
a voltage, the phase of which is proportional to the angl 
rotation of the rotor. The output from the rotor is fed ta 
potentiometer. To find the null point it is now necessar 
successively adjust the phase-shift unit and the potentiom 
So as to give the reference voltage the same phase and n 
nitude as the unknown voltage across the probe. When 
phase-shift is out of adjustment the trace on the cathode 
oscilloscope will open out into an ellipse, and when 
potentiometer slider requires adjustment the trace wil 
diagonal instead of horizontal. For most applications 
phase angle of the unknown probe voltage is not of inte 
but it must be the same as the reference if the true magni 
of the probe voltage is to be measured. At each poin 
measurement the probe must be rotated until a maximu 
found and in this position the probe wires will be normal 
line joining points of equal resultant stress. 

If the model tank represents a lamina of non-unif 
thickness and thus has a non-uniform depth, it may 
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“Juired to find the stress distribution on some plane other 
‘tn that represented by the surface of the electrolyte. This 
-)ossible by inserting the probe to the required depth, but 
{cial attention must be given to probe design, since if the 
_|trolyte is unduly disturbed inaccuracies will result. 

“\nterpretation of results. It has been shown that a measure 
the potential gradient at any point in a model may be 
ained for almost any two-dimensional system of forces 
jlied to the body it represents. To obtain the stress distri- 
Vion, readings of potential gradient should be plotted on 
iagram and equal points joined together by lines. If 
yugh readings are taken a complete pattern of lines of 
“wal resultant stress may be built up. However, this pro- 
i) which can be laborious, is seldom necessary, since with 
_|r specific problem it is generally known where the maximum 
“psses will occur and a solution can be quickly obtained 
1 a few well chosen readings. 


SELECTIVE AMPLIFIER 


NK WITH VARIOUS 


4h. TR S 
Bee RODE PHASE SHIFT 


UNIT 


POTENTIOMETER 


ijtig. 7. The use of a two-wire probe when the forces repre- 
ented are not collinear. The potentiometer must be fed from 
a variable phase supply. 


srequently the resultant stress in one part of the loaded 
jaina is easily calculable. When this is the case, the 
Sultant stress in any other point in the lamina can be 
‘ind by multiplying by the ratio of the potential gradients 
‘fasured at corresponding points in the model tank. 

{f there is no point at which the resultant stress is cal- 
Jable it is still possible to find the resultant stress at any 
‘int in the lamina, but the results are less accurate. It is 
st necessary to make an absolute measurement of the 
Htage across the probe and to know the relationship 
tween the current through each electrode and the load it 
(presents. 

/Assuming the model tank is full size, let an applied load 
* Pkg and the corresponding current JA. Let the spacing 
fiween the probe wires be dcm and the resistivity of the 
ctrolyte pohmcm. Now suppose that at any point the 
known resultant stress is S kg/cm? and the measured probe 
iltage V. Then the current density at that point is V/pd A/cm?. 


Ace Pkg=IA 


Je V 
S = — — kg/cm’. 
I pd gic 


learly it is not necessary for the model tank to be full 
fe and simple scaling factors will allow the model to be 
ade smaller or larger than the loaded lamina. 

The accuracy of the results obtained by this method will 
pend on how accurately the probe voltage can be measured 
d how accurately the resistivity of the electrolyte and the 
stance between the probe wires is known. Because of this, 
> method is inferior to that demonstrated above which 
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depends on a reference stress at some point in the loaded 
lamina being easily calculable. 

Comparison with other methods. There are two other 
methods which are used to obtain the stress distribution in 
loaded laminae. The first involves a mathematical approach 
which by a process of successive approximations gives the 
value of the stress at any point. However, the process is 
tedious and must be repeated for any change in the load 
conditions. For these reasons, and since the results obtained 
are not always reliable, this method is little used except in 
simple cases. The second method, which is widely used, 
makes use of the photoelastic properties of a transparent 
plastic model (Heywood 1952), and it is worth considering 
in some detail the relative merits of this method and the 
electric analogy. 

Each method depends on a model. The electric model is 
a tank filled with an electrolyte, and some work will be 
involved in building up the shape of the lamina to be simu- 
lated. The photoelastic model on the other hand, requires a 
careful selection of material, machining the material to shape, 
grinding the faces parallel, and annealing to remove any 
stresses. Generally each change in shape will require a 
fresh photoelastic model, while a tank can have its shape 
modified. Both methods require complicated auxiliary 
apparatus. For the electric analogy, a small alternator, and 
facilities for measuring the probe voltage are required. To 
make the photoelastic stress visible a polariscope is required, 
together with a loading frame to apply loads to the model 
and a photographic camera to record the results. An 
advantage of the electric analogy is that the loading conditions 
on a given model can be changed by the adjustment of control 
resistors, as opposed to extensive alterations to the loading 
frame to change the loads applied to a photoelastic model. 

Both methods are most easily applied to simulate a two- 
dimensional system of forces acting on a plane lamina of 
uniform thickness. The electric analogy can be easily 
extended to cover cases where only one surface of the lamina 
is plane or where there is a plane of symmetry. The photo- 
elastic method can be less easily extended to cover variation 
in thickness and three-dimensional loading by using a frozen 
stress technique. A major difference between the methods is 
that while the electric model cannot change shape when 
loaded, the photoelastic model will tend to deform in the 
same way as the lamina it represents. This can be an 
advantage, but inaccuracies may result unless the material 
of both the model and the lamina it represents have the same 
value of Poisson’s ratio. 

The above comparison shows that most stress distribution 
problems can be solved as easily and as cheaply with an 
electrolytic tank as with a photoelastic model. It is believed 
that in cases where a lamina of fixed shape is to be tested 
under widely different loading conditions the electric analogy 
is definitely preferable. 

Conclusion. It has been shown that the electrolytic tank 
can be used to determine the stress distribution in a loaded 
lamina and to thus determine the values of the stress con- 
centrations which may occur at points in the lamina. Where 
the stress in one part of the lamina is known, the stress in 
any other part may be determined accurately; where the 
stress in no part of the lamina is known or easily calculable, 
the stress in any part may still be determined, but to a lesser 
degree of accuracy since the result will depend on the accuracy 
to which the tank parameters are known. While the apparatus 
required to supply the current is undoubtedly complicated, 
it is simple to operate. For a given shape of model a new 
set of loading conditions may be set up very quickly. Fora 
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new shape of model rebuilding is required but this need not be 
slow using flexible plastic materials and quick setting cements. 

As a method of finding stress distribution this is compared 
with that which makes use of the photoelastic properties of 
transparent plastics. It is concluded that as a general tool 
this method is equally useful, and that for certain purposes 
it has definite advantages. 
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Abstract 


Numerous formulae have been given for the calculation of 
the electromechanical coupling factor of piezoelectric 
disks in terms of the resonant and anti-resonant fre- 
quencies. These formulae, which are derived either on 
the basis of an analysis of the mechanical motions of a 
disk, or by considering the equivalent electrical circuit 
give widely divergent values of coupling factor. 

It is shown that when an equivalent circuit which takes 
account of the overtones is used, the corresponding value 
of coupling factor obtained is in agreement with that of 
the mechanical analysis. 

Curves, and a nomogram are given to enable coupling 
factor to be quickly calculated from the equations of the 
mechanical analysis without approximation. 


1. Introduction 


PIEZOELECTRIC ceramic disk, silvered on both flat faces, 
Ac oscillate in several different modes if an alternating 

field is applied across the disk. The primary vibration 
will be in the thickness direction (i.e. parallel to the axis of 
the disk) and this will be due to the piezoelectric nature of 
the material. However, coupled to this vibration will be 
secondary vibrations, one of the more important of which 
is that in the radial direction. 

It is possible for any of these modes to be in resonance 
and this paper is concerned with the behaviour of a disk 
when vibrating at or near a resonance in the radial mode. 

When the impedance of a disk, in which the radius is very 
much greater than the thickness, is measured as a function 
of frequency it is found that the general trend is a decrease 
of impedance with frequency. In the appropriate frequency 
range, and for a disk 1 cm in diameter this will be between 
100 ke/s and 1 Mc/s and there will be superimposed on the 
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general decrease in impedance pairs of minima and max} 
These are known as resonance and anti-resonance res 
tively, the lowest in frequency corresponding to the fui 
mental radial mode, and those higher the first, second, | 
so on overtones. It is usually possible to measure u 
three overtones on a normal ceramic disk. Fig. 1 sH 


a 
iL 
4 
Fe 


| 
Li 
| 


Voltage output (relative ¢B) 


| 2 3 4 5 6 1 8% 
Frequency (¢/sx 10°) 


Fig. 1. Variation of voltage with frequency across a smé 
resistor in series with a circular disk (1-3 cm diameter). 


the variation of voltage with frequency across a small resi 
(10 Q) in series with a disk. 

Since the material of the disk is piezoelectric, some of 
input electrical energy is stored as mechanical energy. 
coefficient of electromechanical coupling k can be define 
constant stress by the expression (see, for example, 
1959) 


stored mechanical energy 
total stored energy > 


VoL. 12, ApriL 19€ 


k2 = 


|Vith this definition, it is possible to derive formulae giving 
/n terms of the resonant and anti-resonant frequencies at 
particular resonance, on either an electrical or mechanical 
‘\del. The resulting formulae are found not to be the same. 
_|he purpose of this paper is to discuss this discrepancy 
‘| introduce modifications that reconcile the two approaches. 


4 2. Mechanical analysis 


. theoretical study of the behaviour of a piezoelectric disk 
arized perpendicular to its flat surfaces has been given by 
son (1948). This analysis is confined to the radial vibra- 
iis of the disk: the following expression for the admittance 
he disk is obtained. 


jana? ee k2 (1 + o)J,(wa/v) 
Kt 1 — k? (wa/v)Jo(wa/v) — (A — 0)J,(wa/v) 

(1) 

re w = 27 X frequency, a = disk radius, K = constant 

iction of permittivity), t = disk thickness, o = Poisson’s 

0, v = velocity of sound in the disk material and Jy and 

we Bessel functions of zero and first order. 

ixamination of the admittance expression shows it to be 

nite (i.e. zero impedance or resonance) when 


si (28) — 0-90 (2) 
M(Dp(B)-1-— & 


|s defines a value of wa/v which is a function of o only. 
|"he condition for anti-resonance is given by the vanishing 
jadmittance 


1 at ae {« eee eS) 5 TSB Co) 


“o(—) [1 ({)=1-e-d+o9—, @) 


| m which is obtained a value of wa/v, this time cbt 2 
| to anti-resonance, which is a function not only of o but 
0 of Kk. 

|t is possible to use Eqns (2) and (3) to obtain the value of 
|; coupling factor. If Ro is the value of wa/v corresponding 
| fundamental resonance, i.e. the first root of Eqn (2), 
m the Bessel functions Jo(wa/v) and J,(wa/v) may be 
joressed by a Taylor expansion about Rp and their values 
/anti-resonance determined. When this is done, it is found 
fit 


Af _ (+ o)k?/(1 — k) a 
ip Ry? — (A — 0?) + A + o)k2/(1 — k?) 
lich Mason approximates to 
a ae ace o)k?/(1 — ES 
Sf, Ro? eee} 
Ryo? — (1 — 0) A Ro? —(1—o7) A 
i a (~ a PD) [1 + SS 2). 
(5) 


om this equation k2 may be calculated in terms of A//f, 
)and o. When k? < 1, Eqn (5) approximates to 
elt, peer, 
pe toe SOAS 6) 
l+o Ik 

wus k? may be expressed in terms of f,, f4, Ro and o, and 
is necessary to determine both o and Rp. 
From Egn (2) it is possible to determine the value of the 
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roots Ro, Rj, etc., as a function of a only. Since Ry = w,9a/v 
and R,; = ow, 1a/v therefore 


R,/Ro = fril fro: 


Thus a plot of o against f.;/f,) can be used to determine o. 
Fig. 2 shows the calculated curves for R,/Ry and R;/Ro. 


Oo 


Poisson’s ratio 


0-2L 
25 2-6 27 2-8 
Frequency ratio {,, |to= R, /R, 
Fig. 2(a). Poisson’s ratio, o for varying values of the ratio 
of roots R1/Ro. 
0-5 


2 
io 


Poisson’s ratio 


oO 
Ww 


pe) ae 


39 40 4.| 42 43 
Frequency ratio {,,/{,,= R,/R, 


Fig. 2(5). Poisson’s ratio, o for varying values of the ratio 


of roots R2/Ro. 


Bogdanov and Timonin (1957) have derived a numerical 
expression for the first of these curves. 

It is, however, possible to obtain a value of the coupling 
coefficient from the mechanical analysis without recourse to 
any of the above approximations. It will be noted that both 
Eqns (2) and (3) are of the same form, xJo(x)/J,;(~) = A, say. 
If this is plotted against x for a range of values in the region 
of resonance and anti-resonance (Fig. 3) the coupling 
coefficient may be determined. The value of Poisson’s ratio 
is obtained as described previously and the corresponding 
value of Ro at f-o found. Then the value of the first root 
at anti-resonance Rg may be obtained, since Ro/Ry = fao/ fro 
and from Eqn (3) 

RoJo(Ro) k 
Pai a ge ee 


BRITISH JOURNAL OF APPLIED PHYSICS 


THE COUPLING FACTOR OF PIEZOELECTRIC CERAMIC DISKS 


The value of the left-hand side of this equation, A, can be 
found from Fig. 3. Then since A and o are known, the 
corresponding value of k? may be found from the nomogram 


(Fig. 4). 
ine) T ie 
Esl + | | Ir 
0:8F T 
<i eeels 
0-6 atl 
0-4 
A 
0-2 
0 
-0:2} 
-0-4 
Fig. 3. Curve of A against Ro. 
A 
0-9 
0-8 
0:7 : 
0-6 0-2 
0:5 0-3 
0-4 
0-4 
0-5 
0:3 
02 oe 


Fig. 4. Nomogram for determining coupling factor from 
known yalues of o and A. 


This procedure may also be carried out for the first and 
subsequent overtones and the appropriate graph of A against 
R, is given in Fig. 5. 


3. Simple equivalent circuit 


It is possible to simulate the behaviour of the disk by 
means of an equivalent electrical circuit. Although the 
present circuit is inadequate in certain respects which will 
be discussed in § 4, it is useful in the neighbourhood of a 
given resonance. The circuit is the same as that proposed 
for quartz by Van Dyke (1925) (Fig. 6). 

L, C; and R arise from mechanical considerations, L being 
a function of mass, C; of the rigidity of the material and R 
being the resistance or internal friction. Cp is the electro- 
static capacity of the disk. The total impedance of the disk 
is then given by 


w2LC, —1 G 
z=R+il J {1- Soe Cy — 1) Con? 
wCy Axe (OO 


(& a 
{1 a Go wk, = o} = @*Cy*R2 (7) 
1 
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In the case of R = 0, i.e. infinite mechanical Q,,, the relé} 
ship between resonance (Z = 0) and anti-resonance (Z : 
is given by | 


wa" =U + C,/Co)w,? 
2Aw oe (Gy 


wy — ow C1 


es ae Co ar Ge 

The electromechanical coupling coefficient is defined é 
ratio of stored mechanical energy to total stored ener. 
the energy is taken as proportional to the approg 
capacitor value. Thus, 


._ Gt ae 
~ Cpe Co + Pee earive 


so that again, a measurement of f, and f, will give the cou, 
coefficient. 
When A/f/f, < 1 (i.e. k? < 1) the approximate forme 


k= 2AS/y, 


will hold. This form is widely used in the measureme 
coupling factor. 

This may be compared with the corresponding value | 
Mason’s equation (6) and it will be noted that the fz 
{Ro* — (1 — o*)}/(1 + @) is replaced by 2. For o = @ 
Ro = 2:03 and this factor has the value 2-51. Thus, 
is a considerable discrepancy between the results o 
mechanical and electrical analyses as so far developed. 

The effect of dielectric loss can be represented by a pa 
resistance across Cp. Although this will alter the expre 
for Z, for all practical materials the effect on the res 
and anti-resonant frequencies is found to be negligible. 


k2 


Co 
Fig. 6. Van Dyke equivalent circuit. 


VoL. 12, Aprit 196 


‘4 Dependence of circuit parameters on disk dimensions 


|. the mechanical analysis it is shown that f, and f, are 
tions of the radius only while the electrostatic capacity 
mds on both radius and thickness. The effect of thick- 
on the mechanical elements in the equivalent circuit 
be deduced from the following observed phenomena: 
he coupling factor k is a property of the material, hence 
[0 is a constant; (ii) the resonance behaviour of a given 
jie is described by a frequency factor F, which is equal 
‘he product of the resonant frequency and the disk radius 
‘is a constant for a given material; (iii) the mechanical 
Im, Of the circuit is independent of frequency and is a 
‘tion of the material. 
rom (i), since Cy is proportional to a* and to 1/t (where 
the thickness), C, is also proportional to a? and 1/t. 
n from (ii), since the frequency factor is given by 
#7,a, therefore LC, = (a/27F,). 
tom this it follows that the thickness dependence of L 
verse to that of Cj, i.e. L is proportional to ¢. 
inally from (iii), and since Q = w,L/R, R is proportional 
-uickness and inversely proportional to the radius. These 
‘Its are summarized in Table 1. 


ile 1. 


Dependence of disk circuit parameters on dimensions 
Parameter Radius (a) Thickness (t) 
| Electrostatic capacitance Cp a> oe 
‘| Mechanical capacitance C, Ge ia 
‘| Coupling factor k — a 
‘) Mechanical inductance L — t 
‘! Mechanical resistance R av} t 
Mechanical QO — — 
') Resonant frequency da. — 


Frequency factor F, = = 


Second order thickness effect 


_ should be emphasized that the foregoing argument is 
iewhat idealized: it is found in practice that the resonant 
juency is slightly dependent upon the radius/thickness 
9. Now, since this affects the ratio of the frequencies 
1 to determine Poisson’s ratio, the value of o as calculated 
jin will also be thickness dependent. This is due to the 
jlect in the mechanical analysis of any perturbation of the 
jndary conditions due to finite thickness. Thus, for 
jarate assessment of a material, the values of the fre- 
\ncy ratio should be extrapolated to zero thickness. 

\‘he effect of non-zero thickness on Poisson’s ratio and 
sequently on coupling factor is shown in Figs 7 and 8. 


0-6 T 


few 
Qo 
a 


Poisson's ratio 


0) 01 0-2 03 0-4 
Thickness (cm) 


| . . 
lig. 7. Poisson’s ratio o plotted against thickness. Funda- 
mental determination. 
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These values were determined experimentally using Fig. 2 
and Fig. 4 respectively. 


04 


k? 
03 


0-2 
0 01 0- 


2 03 04 
Thickness (cm) 


Fig. 8. k2 plotted against thickness. Fundamental deter- 
mination. 


4. Modified electrical circuit 


The most obvious shortcoming of the simple equivalent 
circuit is that it describes behaviour in the neighbourhood 
of only one resonance, so that a different circuit is required 
at each resonance. 

The simplest modification is to add series resonant arms 
to allow for the overtone behaviour. If as is shown in Fig. 9 


L Cro 


O represents the 
fundamental mode 
end there are 

n overtones 


Fig. 9. Equivalent circuit of resonator including overtones. 


the mechanical Q is assumed to be infinite, this leads to the 
following analysis. 
The admittance of the fundamental arm is given by 


_  jaCio 
Yo ‘e w*LCi9 = 1 


so that the total admittance of the system will be 


ie jinC 
a= J lp 


[ae 
Pane Renin hor AU 


2 Wen?C. 

PA @pypes eal Aararen nC) 
aD) rp 

Now, as the inductances are equal, one can write 


(11) 


Wee Ct, = Wr9°C io. 
Substituting, 


Z W 2 Co 
Yr jac ( cee AE a2). 
ee Ph 1 Or: Cio 


At any anti-resonance w =w,,, Y =O and assuming 
that w = w,, = W,, except at the anti-resonance concerned 
in which case w,, — W,;, = Aw,, then 


2 
Wr0 Wr Co 


2Aw, ve) 


2 
Wrp Cio q=0 rg 


BRITISH JOURNAL OF APPLIED PHYSICS 


THE COUPLING FACTOR OF PIEZOELECTRIC CERAMIC DISKS 


Now, coupling factor has been defined as the ratio of stored 
mechanical energy to total stored energy, and applying this 
definition to the above circuit at frequency w it can be 
shown that the coupling factor is given by 


2 2 4 
> C W*Wrp ste Wrp a 
| 
BO Dp Wep' oe wt (aise? Si 2)2 


n 2 4 
aC 
p=0 


k? = 


. (13) 


2 
W*Wrp Wy 


ee Pp 
4 F (Wey? =x SG + Co 


This equation can be evaluated to show the change in k? 
with frequency, and two cases are shown in Fig. 10 calculated 


Dp 4 
rp + Ww 


PTT TT TTT TT TT witntstovertone J | | I 
CECE ERE be ea 
SeReEee AVOGSCOGUE 

eae eee ate tee ee a 
poe 
(Bae eee eS ee wee a 
i PR CenReome Seoe a 


0 0-5 1-0 5 2-0 25 50 


Fig. 10. Variation of coupling factor with frequency 
(Cy9/Co = 0:2 : wry = 2°5 aro). 


for p = 0 and for p = 0 and | (i.e. fundamental and first 
overtone only). The ratio of Cj) to Cp has been taken to be 
equal to 0:2 (wag = 1-1 X wy), it has also been assumed 
that w,; = 2°5 a, . It can be seen that k? is frequency 
dependent. 

However at zero frequency Eqn (13) reduces to 


Be a Cif (3, Cip + Co) 


which is the more usual expression for k?. 
Using Eqn (11), this becomes 


nw 2 wy? G 
k2=(1+ au { ae se + Soh 14 
i Wrp 20) 2», oa) Cio ( ) 


n 
In certain special cases it is possible to evaluate S) w,o7/w,p” 
=1 


p= 
in terms of known series. Thus for a longitudinally vibrating 
bar in which only odd harmonics are excited 


1 1 pried 
1+ 3 oe = Pig ion ee an 


It is possible to substitute in Eqn (14) for Co/C, from 
Eqn (12), so that finally we have for the coupling factor at 
some overtone p 

n On 
s) 


(1 ae) 
j= p=1 et aro De 
2Aw, rad Gre 2 Wr ) 
q= 0 Weg” = Wey? 


a (1 : De Gis 
q#D 
(15) 


Eqn (15) is a general expression applicable to any system. 
In the case of radial motion of disks it is possible to evaluate 


oe) 2 2Aw, 
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the frequency ratio in terms of the Poisson’s ratio of the 
material; the roots and the ratio of the roots are tabu 
in Table 2 for o = 0-35 and since R,/Ro =fi/fto & 
is possible to evaluate Eqn (15). 


Table 2. Roots and ratio of roots for c = 0°35 | 


Root Value Ratio Ry|/Ro 

Ro 2-08 ee 
R 5-40 2-60 

R> 8-58 4:13 

R; 11-74 5-64 

R, 14-89 7:16 

Rs 18-04 8-67 

Re 21-18 10-18 

R, 24-33 11-70 


The values obtained at the fundamental are given in Eqn 


yo — 2:58 feo 
i+1-90Af/fo 


For this same value of o, Eqn (5) gives 
2:63AS/ fro 
1+ 2-63Af/fio 


The value of k? obtained with Eqn (16) may be comg 
with those from the graphical method. Table 3 gives | 
typical results using materials of different composition. 


a 


Table 3. Comparison between coupling factor calculate 
equation (16) and by the graphical method 

Graphical method Eqn 16 Graphical method Eqn 16 
0-16 0-17 0-37 0:37 

0-32 0:31 0-32 0:33 

0-24 0:25 0-38 0-38 

0-25 0-24 0-41 0:40 

0-31 0°31 0-52 0-49 


It can be seen that reasonable agreement exists. 


5. Discussion 


It has been shown that although discrepancies exist in 
formulae at present used to evaluate the electromecha: 
coupling factor of a piezoelectric disk, these discrepa: 
are due to approximations in both the mechanical | 
equivalent circuit analyses. If the approximations | 
removed from the mechanical analysis and the eff 
overtones included in the equivalent circuit analysis, 
agreement is obtained between the two approaches. 
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Abstract 


\technique is described for the staining of germanium 
ip alloyed Junction transistors using chemical deposi- 
\2 of copper. It is shown that copper is deposited 
| ferentially on p-type regions and, in so doing, reveals 
ee" features associated with regrowth processes. 
ther structural effects which are revealed may be con- 
ea with strain induced in the semiconductor by thermal 
ling. 


| 
| 
| 
| 


|'N an earlier paper Hughes and Ratcliffe (1959) have 
ee the use of metallographic techniques for the 
tapid mounting, sectioning and examination of p—n—p 
‘ium—germanium alloyed junction transistors. It has now 
‘nm shown that controlled deposition of copper on p-type 
tions can be used to facilitate the examination of p—n 
‘ictions and that, in addition, certain other features are 
i ealed such as regrowth structures and strain markings. 
‘Deposition of copper on the surfaces of semiconducting 
| terials to reveal features such as diffusion boundaries and 
jy»wn junctions has previously been applied but the use of 
| electrolytic cell has been considered desirable when 
jolying this technique to germanium (Bond and Suits 1956, 
(C.A. Laboratories 1956, Bridges, Scaff and Shive 1958, 
irner 1959, Glang 1960). In the case of p-n—p germanium 
jvices the presence of the indium renders an external 
}tential source unnecessary. This is particularly useful 
en it is desired to stain a large number of devices mounted 
izether but without electrical continuity through the 
mples. 

iu preferred technique is to immerse the polished sections 


a solution, held at room temperature, consisting of 
/gramme of copper nitrate dissolved in 20cm? of CP4 


Fig. 1. 


Bulk mounted transistor sections with copper stained 
p regions. 
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etching solution (HF 15cm, HNO; 25cm, acetic acid 
15 cm?, bromine 0-3 cm3). The concentration of copper has 
been found not to be critical and wide variations in practice 
may be tolerated. Periodic replacement of the solution is 
necessary. 

Figure 1 shows a batch of experimental alloyed transistors. 
The clear junction delineation may be noted, although it may 
be observed that black and white reproduction cannot reveal 
the full advantage of a brightly coloured zone for examination 
purposes. 

A number of additional features have been observed in 
experimental devices. Fig. 2 shows regrowth structures in 
the p-type germanium which are revealed as straight lines, 
behind regions of planar junction geometry, or as curved or 


Planar and curved regrowth markings revealed by 


Fig. 2. 
copper staining. 


Structural markings in germanium ‘bridging’ regions. 


Bigass 
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confused lines, behind regions where non-planar junctions 
occur. Fig. 3 illustrates structures which may be seen 
within the indium in the bridging regions, i.e. the non- 
epitaxial regrowth features which are propagated from 
nucleation points on the periphery of the indium. It is 
considered that the various structures observed are associated 
with alloying and regrowth processes and that useful 


Fig. 4. ‘Strain’ markings near wafer support. 


COR RES BO ND EIN Ge 


information of the mechanisms operating during trans| 
manufacture may be obtained by their examination. 

Further features have been observed in the region 
germanium adjacent to the wafer support (Fig. 4). 
structures, which may arise from strain effects in 
during the thermal cycling stages, are known to vary 
the nature and composition of the support material an 
solder coating. 
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Comments on the A.S.T.M. Powder Data File—6 


The writers have now prepared a sixth booklet, bearing the 
above title, which contains further additions to the lists 
previously published and described in the Institute’s Journals 
(Hughes, Lewis and Wilson 1960). Copies of the present 
booklet have been distributed in the same way as were the 
others. Those who have not received copies of the booklets 
in this way may obtain them (free of charge) on request from 
the Institute and Society or from us. 

It is hoped that similar lists of comments will continue to 
be published at approximately annual intervals. Users of the 
Data File are urged to send to the writers any material that 
they feel should be included in future issues. 
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It would help considerably in the work of extending 
File if those who are working on structures by single-c 
methods could send us the crystallographic data and suffi 
of their material to permit the production of a powder pat 
from it. Full acknowledgment of the source would, of co 
appear on the published card. 


J. W. HUGHES 

ISABEL E. LEwIs 

A. J. C. WILSON 
3rd January 1 


Viriamu Jones Laboratory, 
University College, Cardiff, 
Great Britain. 


Huaues, J. W., Lewis, I. E., and Witson, A. J. C., 19 
Brit. J. Appl. Phys., 11, 306; J. Sci. Instrum., 37, 183. 
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ITES AND NEWS 


jotes and comments 


{ espondence in British Journal of Applied Physics 


he Editorial Board has considered the Correspondence 
amn of the British Journal of Applied Physics and hopes 
2xpand this. We have therefore arranged with our 
ters to publish items of correspondence received up to 
weeks before the date of publication, provided they are 
yrted upon favourably by our referees. For example, 
is for publication in the June issue of the Journal should 
eceived in the Office not later than 20th April. 


(ON 


Oi 


.|)xwell Colour Centenary 


he Colour Group, in collaboration with The Institute of 
''sics and The Physical Society and the Inter-Society Colour 
‘|imcil of America, is holding a Conference on Tuesday, 
jInesday and Thursday, 16th, 17th and 18th May 1961 
jhe Imperial College of Science and Technology, London, 
47.7, with a centenary discourse at the Royal Institution 


(his Conference is being arranged to mark the centenary 
\‘he famous demonstration of trichromatic colour repro- 
|'tion given at the Royal Institution in London by James 
| rk Maxwell on 17th May 1861. 

the subjects for discussion on the three days will be 
chromatic Principles, Colour Reproduction and Colour 
ljoearance. Each session will be opened by a short review 
‘the current position of the subject concerned, followed by 
ers by one or two well-known workers in the field; time 
i. then be allowed for contributions by other conference 
jmbers and for discussion. 

\\\bstracts of the papers to be presented at the Conference 
| be published in the March/April issue of the Journal of 
}otographic Science. 

WPurther details of the Conference are obtainable from The 
{titute of Physics and The Physical Society, 1 Lowther 
tdens, Prince Consort Road, London, S.W.7. 


)zineering, Marine, Welding and Nuclear Energy Exhibition 
{Che Engineering, Marine, Welding and Nuclear Energy 
hibition will be held at Olympia, London, from 20th April- 
|, May 1961. This biennial exhibition attracts close atten- 
n from buying authorities and technical personnel in every 
It of the world. The May issue of Nuclear Engineering will 
| a special issue containing a technical appraisal of equip- 
mt designed and manufactured for use in nuclear installa- 
ns which will be exhibited at this Exhibition. 


ernational Symposium on Microchemical Techniques 


An International Symposium on Microchemical Tech- 
yues, organized by the Metropolitan Microchemical 
ciety under the sponsorship of the International Union of 
re and Applied Chemistry, will be held at the Pennsylvania 
ite University, U.S.A., from 13th-18th August 1961. 

The technical programme will consist of a number of main 
roductory lectures and a full schedule of invited papers 
‘ected towards new methods and techniques or unique 
plications of microchemical or microanalytical interest. 

A commercial exhibition of laboratory equipment, 
emicals and specialities will be held in conjunction with 


> meeting. 
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Anyone interested in receiving further details should con- 
tact Mr. Howard J. Francis, Jr., Vice-Chairman of the 
International Symposium on Microchemical Techniques, 
c/o Pennsalt Chemicals Corporation, Post Office Box No. 
4388, Philadelphia 18, Pennsylvania, U.S.A. 


Radio and Electronic Component Show 


The Radio and Electronic Component Show will be held 
this year in the Grand Hall at Olympia, London, instead of 
at Grosvenor House, where it has been situated for the past 
16 years. The Show opens on Tuesday, 30th May until 
Friday, 2nd June inclusive. 


International Congress Calendar 


The Annual International Congress Calendar for 1961, 
produced by the Union of International Associations, is 
available from the Association at Palais d’Egmont, Bruxelles 1, 
Belgium, at a price of 18s. or 50s. in combination with one 
year’s subscription to Jnternational Associations, This 
Calendar includes a chronological listing of international 
congresses, conferences, meetings and symposia scheduled 
to take place in 1961 and subsequent years. The following 
details are given: date, place, address of organizing body, 
theme, estimated number of participants, plans for publishing 
Reports or Proceedings, exhibition held in association with 
the meeting, and subject and geographical indexes. Supple- 
ments to the Calendar appear in the monthly magazine 
International Associations. 


International School of Physics ‘Enrico Fermi’ 


The following Summer Courses, organized by the Inter- 
national School of Physics ‘Enrico Fermi’ will be held this 
year at Varenna, Italy: 


(1) 23rd May-—3rd June Cosmic rays, solar particles 
and space research. 


(2) 19th June-1st July Evidence for gravitational 


theories. 
(3) 3rd July—15th July Liquid Helium. 
(4) 17th July-Sth August Semiconductors. 


(5) 7th August-26th August Nuclear Physics. 


Applications should be received by the organizers not later 
than 25 days before the beginning of the Course. All 
correspondence concerning these Courses should be addressed 
to the Organizer and Director in charge of each Course, as 
follows: 


(1) Professor B. Peters, Universitetets Institut for Teoretisk 
Fysik, Blegdamsvej, 17, Copenhagen, Denmark. 

(2) Professor C. Moller, Universitetets Institut for Teoretisk 
Fysik, Blegdamsvej, 17, Copenhagen, Denmark. 

(3) Professor G. Careri, Istituto di Fiscia dell’Universita, 
P. de delle Scienze, 5, Roma, Italy. 

(4) Dr. C. A. Hogarth, Department of Physics, Brunel 
College of Science and Technology, Woodlands 
Avenue, Acton, London, W.3. 

(5) Professor V. F. Weisskopf, Department of Physics, 
Massachusetts Institute of Technology, Cambridge 39, 
Mass., U.S.A. 
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United Nations Conference on New Sources of Energy 


The United Nations Conference on New Sources of Energy, 
which will examine practical problems and experience in the 
utilization of solar energy, wind power and geothermal energy, 
with especial reference to the problems of the less developed 
countries, will be held in Italy (probably in Rome) from 
21st-31st August 1961. 

The Conference aims at bringing together experts in the 
fields of the application of solar energy, wind power and 
geothermal energy, as well as those interested in energy 
development in general, to provide participants with up to 
date information on progress achieved, and to facilitate an 
exchange of views and experience relating to practical 
problems in utilizing these sources of energy. The Conference 
will focus attention on applications rather than on the dis- 
cussion of scientific principles and basic research. Theoretical 
studies will be discussed only if they appear to be closely 
related to practical developments. The subject of costs will 
be emphasized and stress will be laid on the various needs for 
energy and on specific means for meeting those needs. 

Attendance at the Conference will be by invitation only. 

The Proceedings and a Report of the Conference will be 
published later, as United Nations Sales publications. 

Requests for further information should be addressed to 
the Executive Secretary of the Conference, United Nations, 
New York. 


Mesucora 1961 


Mesucora, the International Exhibition devoted to Measure- 
ment, Control, Regulation and Automation, will be held at 
the Exhibition Hall of the Centre National des Industries et 
des Techniques, Paris, from 9th-17th May 1961. It will 
cover an exhibition area of 35000 square metres and bring 
together constructors from 13 European countries and the 
United States of America. 

At the same time as the Exhibition, an International 
Congress will be held in Paris, the theme of which will be 
‘Recent progress in the fields of Measurement, Control, 
Regulation and Automation, resulting from the co-operation 
of the various techniques—electric, electronic, mechanical 
and nuclear.’ 

For further information apply to Mesucora, Service de 
Propagande, 40, rue du Colisée, Paris (8e). 


Conférence Internationale des Arts Chimiques 


The Sixth Salon International de la Chimie and Conférence 
Internationale des Arts Chimiques will be held from the 
25th April-4th May 1962 at the Centre National des Industries 
et des Techniques, Rond-Point de la Défense, Puteaux-Paris. 

For further details of the programme apply to the General 
Secretariat, Conférence Internationale des Arts Chimiques, 
28 rue Saint-Dominique, Paris (7e). 
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Combustion Engineering Association Conference 


A report on the Combustion Engineering Associ 
Conference on ‘Getting the best out of Coal’, held in Har 
in November 1960, is now available and can be obtaine 
the Association at 70 Jermyn Street, London, S.W.1, pris 

The report includes papers by leading authorities in| 
several subjects which examine from both the technic 
economic aspects, the choice of coal allied to the sele 
operation and maintenance of equipment for boiler 
and industrial furnaces and kilns, in order to achie | 
maximum savings in capital and operating costs. Time 
allowed for discussion at the Conference and these discus 
are fully reported. 


| 


| 


Industrial Finishes Exhibition 


The first International Industrial Finishes Exhibitio 
be held at Earl’s Court, London, from 8th-11th May 196] 
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Abstract 


te various factors which determine the ultimate sen- 
\ivity of a radio receiver are considered. External 
jurces of noise (random electromagnetic fluctuations) 
je examined and the conditions determined under which 
timate sensitivity is limited by noise generated in the 
\iceiver itself. 

|The physical principles of emission and absorption of 
diation are examined with particular reference to their 
\\plication to the microwave region of the electromagnetic 
jectrum. The use of stimulated emission for amplifi- 
|tion (Maser action) is considered and various methods 
|r its exploitation are discussed. Different types of 
jaser amplifier are described and an elementary method 
| calculating their noise factors is given. 

Recent applications of Maser amplifiers to radio 
\tronomy and communications are described and some 
‘ures given to illustrate the large gain in ultimate sen- 
Nivity which has been obtained. Thus it is now possible 
i design an amplifier with noise equivalent to the input 


pm a load at a temperature of only a few degrees K, 
4d a whole system, including antenna and external noise 
jm outer space, with noise equivalent to the input from 


‘oad at about 20° kK 


1. Limitation of sensitivity by noise 


HE smallest radio signal which can be detected and 
intelligibly displayed by means of a well-designed 
| receiver is determined by the background noise which 
ievitably accompanies the signal. The signal will cease to 
| intelligible when it is so small that it is swamped by the 
ickground noise. Unless the gain of the receiver is suffi- 
ntly high to make this background noise observable it is 
idequately designed for minimum signal reception. The 
jnount of noise power appearing at the output naturally 
ipends on the receiver gain, but then so does the strength 
ithe desired signal and in a well-designed receiver the ratio 

signal to noise should not depend on the gain. The 
iount of noise also depends on the bandwidth of the 
Jeeiver, ie. on the range of frequencies Af over which it is 
lasitive for a fixed setting of the tuning. The bandwidth Af 
a be given a precise numerical meaning,* but for the 
‘“yment we shall not define it more exactly. Except when it 
very large the noise power is found to be proportional to 
i and we may speak of the noise power per unit band- 
th—a quantity having the dimensions of energy. Another 
{ antity related to the bandwidth is the response time 7 of 
: receiving system; this again can be given a precise 
‘merical meaning,* but may be thought of as the smallest 
jhe in which significant variations of signal are observable. 
is related to the bandwidth by means of the equation 


\* See, for example, R. A. Smith, F. E. Jones and R. P. Chasmar 
17, pp. 231-244. 
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iN R. A. SMITH, Royal Radar Establishment, Great Malvern, Worcs. 


+ = 1/4Af. The noise power per unit bandwidth is therefore 
approximately equal to the noise energy received in a time 47. 

For maximum sensitivity, the bandwidth used will, in 
general, be the minimum value compatible with reception of 
the information in the desired signal, i.e. it will depend on 
the frequency spread of the signal. For example, for intelli- 
gible speech a bandwidth of 3 kc/s is adequate, while ‘high-fi’ 
enthusiasts demand a bandwidth of at least 15 kc/s, and for 
radar with 1 ys pulses a bandwidth of the order of 1 Mc/s is 
required. It would therefore appear necessary to specify, in 
each case, the bandwidth, in order to describe how good a 
receiver is. This is rather a nuisance and we shall see Jater 
how to overcome the difficulty. We must be quite clear, 
however, that in order to determine the signal-to-noise ratio 
obtained with a particular signal the bandwidth must be 
specified. 


2. Sources of noise 


Let us now examine briefly the main sources of noise which 
contribute to the total background noise in a radio receiver. 
They are as follows: 


(a) locally generated electrical noise, such as that due to 
car ignition, etc., 

(6) electrical noise of terrestrial origin such as that due to 
thunderstorms—a form of noise often referred to as 
‘atmospherics’, 

(c) radio noise from outer space and from the sun, 

(d) thermal noise generated by external sources and in the 
aerial system, 

(e) noise generated in the receiver itself. 


Source (a) can be troublesome at all frequencies, but since 
it is not fundamental in character, we shall not discuss it 
here. Most of the noise in the very low frequency radio 
bands comes from source (b). In the high frequency and 
very high frequency bands, at least down to wavelengths of 
the order of 1 m, the main source is (c). This amounts to 
saying that for wavelengths longer than about 1 m conven- 
tional radio receivers generate so little noise themselves that 
this is negligible compared with external sources of noise 
and there is no point in trying further to reduce receiver 
noise. For shorter wavelengths, particularly in the micro- 
wave region of the spectrum, noise generated in the receiver 
itself predominates, and anything that can be done to reduce 
this noise (keeping the gain constant) will lead to an improve- 
ment of signal-to-noise ratio. The main sources of noise in 
a receiver are}: ¢,, thermal fluctuations in the input circuit; 
>, shot noise, current noise or flicker noise in the first valve 
or crystal. 

The contribution e; is fundamental and depends only on 


+ A full discussion of these and their relative pp aes: has 
been given in a number of books; see, for example, R. A. Smith, 
F. E. Jones and R. P. Chasmar 1957, pp. 178-204. 
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the absolute temperature 7, the available noise power being 
equal to kT per unit bandwidth, where k is Boltzmann’s 
constant.* Only for extremely sensitive microwave receivers 
is the contribution (d) important, but for some modern 
receivers this source of noise may predominate. 


3. Noise factor and noise temperature 


We must now see how to specify the quality of a receiver. 
Suppose first of all that the receiver is connected to a matched 
resistive load at temperature 7, (see Fig. 1). The input noise 
power per unit bandwidth P,, will be equal to A7,. If G is 
the power gain of the receiver the output noise power P,»2 
would be equal to GP, provided the receiver itself contributed 
no noise. In general, it will contribute noise power of amount 
P, per unit bandwidth and we may write for the output noise 
power P,> 


Pao =G Pp, +Pg=FGPp, 


AMPLIFIER 


Fig. 1. Amplifier input and output noise. 


Poo = GPa + Pe (1) 


The noise factor F of the receiver may then be defined by 
means of the equation 


F = Pyo/GPy, = 1 + P,/GPyy. (2) 


For a noiseless receiver F = 1. The quantity F as defined 
above depends on the noise power generated by the input 
load; the latter is therefore usually taken to be a resistive 
load at 300°xK. Although the quantity F specified in this 
way is widely used, an alternative procedure is becoming 
more common. For any input we may define an effective 
temperature T, so that P,,; = AT,. For example, a lossless 
matched aerial looking at a uniform ‘black’ background at 
temperature 7 would have a noise temperature 7. For any 
background the effective temperature JT, may be defined in 
the same way, for a given frequency, the input noise power 
being AT,. When the aerial is not lossless, and itself contri- 
butes thermal noise, we may define an effective input tem- 
perature 7, which combines these sources to give a noise 
power per unit bandwidth A7,. In the same way we may 
define a noise temperature 7, of a receiver by writing 


1 = (GA. (3) 
In this way we may express the noise factor F in the form 
if == Il se TEI, (4) 


In the above discussion we have added the noise powers from 
the various sources since they are incoherent. In practice 
this is not always strictly permissible, since the value of the 
input load may affect the characteristics of the input circuits, 
so that P, may depend on P,;; for simplicity we shall, how- 
ever, assume that this procedure is permissible. The quantity 
T, may then be used to specify the quality of the receiver, an 
ideal receiver having T, = 0. The quantity F is sometimes 
expressed as a power ratio in decibels; the noise temperature 


* This is only so when the frequency » is not too high and the 
temperature not too low. More generally, the noise power per 
unit bandwidth is equal to hy/{exp (Av/kT) — 1} where h is Planck’s 
constant; this reduces to AT when hy < kT. 
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is usually expressed in °k. Conventional microwave | 
have a noise figure not better than about 6 dB or F = 4 
value of 9ds or F = 8 being more common. The co3 
sponding receiver noise temperatures would therefore 
900° k, and 2100° k respectively. 

The advantages of noise temperature as a orton 
receiver performance will be more evident when we lé 
consider receivers whose noise temperature is only a 
degrees Kelvin in which case the quantity F is very ne 
equal to 1 and rather insensitive to variations in rece 
noise temperature. Such receivers have now become 
practical possibility with the invention of the Maser, | 
basic principles of which we now discuss. | 


4. The Boltzmann distribution } 


Later, we must consider in some detail how radiation 
emitted and absorbed by an isolated atom or molec 
When we say ‘isolated’ we do not mean completely ‘soll 
but interacting with its neighbours so as to be in ther# 
equilibrium, yet sufficiently weakly so as not to have) 
energy levels appreciably disturbed. Let us consider of 
two energy levels for simplicity and suppose that almost} 
the molecules have either energy EF; or Ey (E, > £)). 
are generally sharply defined quantum levels and the mole 
can have no other energies near these. An atom hav, 
energy E; (or as we Say in energy level 1) can absorb radiati 
by being excited up to energy E,, the frequency v,, of 
absorbed radiation being given by 


hyv42 = E, => Ej. 


To this approximation this is a ‘line’ absorption, other | 
quencies not being absorbed. The molecule may also e' 
radiation by jumping from level 2 to level 1, the frequency 
the emitted radiation being also v,, as given by (5). 

Now suppose we have a large number WN of molecules, t 
the ratio of the number JN, in level 1 to the number N. 
level 2, in thermal equilibrium, is given by the well-kn 
Boltzmann law 


N3/N, = exp { (E E,)/kT} = exp {(— hyv,,/kT)}. 


Let us now consider some numerical values. The valu 
k is 1-38 x 10~!® erg/deg K and a useful value to reme 
is that kT expressed in electron volts (AT is an energ 
about 1/40 ev when T = 300° k (nominal room temperat 
Another order of magnitude worth remembering is 
kT ~ 10-*ev when T=1°K. Now, some values of! 
worth remembering are hv ~ 1 ev (actually 1-2) when | 
wavelength A = c/v is 1 p, i.e. in the near infra-red. In 
middle of the visible spectrum (green) A=0-Sp 4 
hv ~ 2ev, and for A=1cm, hv ~ 10-*ev. Thus | 
visible light hv/kT ~ 80 when T = 300° kK. From the a 

values we see that if E; and E, are separated by about 1 
so that emission is in the visible spectrum then N,/N, ~ 
when T = 300° k, i.e. Ny < N, in thermal equilibrium. | 
considering absorption of radiation we therefore need a 
take account of the molecules in the lower state. If, how 
we are dealing with microwave radiation, with say A = 10 
then Av/kT ~ 4 x 10-4, so that hv/kT <1 and we Hf 
N, ~ Ny. We may then write Eqn (6) in a more conven 
form as follows: 


Nin ee 
N, + N> ehv/kT +1 
Expanding the exponentials we have 
ebkT ~ 1 + hv/kT 


VoL. 12, May 19 


td since Ny + No = N 

N, = N> Pe hy 
N S 2K. cy 

us, forA = 10 cmand T = 300° x, Nj — Ny =2 x 10-4N. 


en when T = 4°k (temperature of liquid helium boiling 
|der atmospheric pressure) we have 


Ny — N, ~ N/80. 


jt T= 1°K andA = 1 cm, Av ~ kT and N, =Nj/e. Thus 
4 Most microwave applications we may assume that 
| < kT and use Eqn (7) and also kT for the noise power 
jc unit bandwidth (see § 2). 


5. Emission and absorption of radiation 


/Let us now consider how the populations (as they are 
led) N, and N, are affected by emission and absorption 


‘jue of N. might be changed. The first is spontaneous 
{ission of radiation. This is a random process and so 


=e) 
dt spont. em. 


tere Ais constant. The second obvious process is excitation 


== AN> (8) 


# molecule is placed. Thus we have 
dN, 
dt 


jere U(v)dv is the energy density of the radiation field in 
#: frequency interval dv, and B is a constant. 

‘These two processes are, however, not the only ones which 
jzrate. As first shown by Einstein a third must be intro- 
jced known as ‘stimulated emission’. Einstein showed that 
4 the presence of a radiation field the probability of a 
}nsition from the upper level to the lower is increased by an 


) _ = BUN (9) 
excit. 


must write 
dN, 
dt 


shall now show how the constants A, B, C may be 
jermined. If stimulated emission did not take place we 
»uld find that C = 0. In fact what we shall find is that 
l= C and that the transition probability for stimulated 
ission is just equal to that for excitation (absorption). 
)mbining (8), (9) and (10) we have 


/ thermal equilibrium we must have dN,/dt =0. If we 
\ite Uo(v) for the radiation field in thermal equilibrium we 
ive then, on equating to zero the right-hand side of Eqn (11) 


A (12) 
BN /Nj= C 


| thermal equilibrium N,/N, is given by Boltzmann’s 


) = = CUM), (10) 
stim. em. 


<e 


U(r) = 
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But U)(v) is well known and is given by Planck’s formula* 


8irhv3 1 
U)(v) = eh hit (14) 


On comparing Eqn (13) with Eqn (14) we see at once that 
we must have B= C. There are thus only two coefficients, 
A, B, required, and these are known as the Einstein coeffi- 
cients. This is one of the fundamental results of radiation 
theory and on it depends the whole of the working of molecular 
amplifiers and oscillators. 

From Eqns (13) and (14) we get a second important result; 
we have now 

A 87hv3 


= (15) 


In thermal equilibrium the ratio of the probability of a 

spontaneous emission to that of a stimulated emission, as 
will be seen by comparing Eqns (8) and (10), is given by 
A 

BU) 


= efv/kT ile 


(16) 


Thus, in the visible region of the spectrum, this ratio is very 
large indeed and except in very intense radiation fields and 
at high temperatures spontaneous emission is vastly more 
probable than stimulated emission. In the microwave region 
of the spectrum, however, since generally hv < kT we have 


A $4 hv 
BUY) AT 


and spontaneous emission is generally much less probable 
than stimulated emission. Equation (17) refers to con- 
ditions of thermal equilibrium, and if we try to apply it to 
compare spontaneous emission with that produced by mono- 
chromatic radiation of frequency v,, we find ourselves in a 
slight difficulty. The energy density in strictly mono- 
chromatic radiation is infinite and we should then conclude 
that stimulated emission is infinitely more probable than 
spontaneous emission. This is, of course, incorrect. The 
difficulty is resolved when we appreciate that the absorption 
line corresponding to the transition has finite width Av 
arising from a number of causes, some of which we shall 
discuss later. We may therefore compare the incident mono- 
chromatic power P(v) with the effective power in the equili- 
brium radiation field Po(v)Av. In an experiment this will 
generally just be the noise power in a bandwidth corre- 
sponding to the line width and if we use power P(v) greater 
than this (as we generally shall) then a fortiori the stimulated 
emission will predominate. The result is that for most 
practical purposes we may ignore spontaneous emission in 
the microwave region of the spectrum. 


<1 (17) 


6. Emission from a discharge 


It is instructive to consider the emission of radiation from 
an electric discharge in terms of these ideas and to under- 
stand why the process of excitation which works so well at 
optical frequencies is so very inefficient for microwaves. It 
is also instructive to consider the nature of the emitted 
radiation. Suppose we have a steady-current discharge; 
electrons are accelerated in the electric field and attain 
energies capable of exciting optical levels by electron impact. 
Once excited, the atoms may emit the energy of excitation or 


* See, for example, R. A. Smith, F. E. Jones and R. P. Chasmar 


Us) = ertsat (13) 1957, p. 29, Eqn (29); this must be divided by ¢/4 to get the energy 
2 BeikT — C density from the power flux, cf. p. 23, Eqn (2). 
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perhaps pass it on in the form of kinetic energy in what are 
called ‘collisions of the second kind’. Because of the high 
probability of spontaneous emission (short lifetime 7,) the 
emission process is the one most likely to take place and an 
appreciable amount of the energy given to the electrons 
reappears as light emitted in this way. Since spontaneous 
emission is a random process the emitted radiation will be 
incoherent and will be in the form of narrow-band noise. 
Now in the microwave region of the spectrum the probability 
of spontaneous emission is so small that this process cannot 
compete with other ways of taking away the energy of excita- 
tion, e.g. collisions with the walls. (Microwave energy is in 
fact emitted in the form of wide-band noise but this comes 
mainly from the free electrons in the discharge and is not a 
characteristic radiation.) Because of the relatively high 
probability of stimulated emission in this region of the 
spectrum it is to this that we must look for a possible emission 
process. Before considering this we must examine the 
absorption process in rather more detail. 


7. Absorption of microwave radiation 


In view of the above discussion we shall, in what follows, 
neglect spontaneous emission. In considering absorption at 
optical frequencies, except in very intense radiation fields at 
high temperatures (e.g. in stars) we may neglect the effect of 
stimulated emission on the absorption of the radiation. For 
microwaves this is certainly not so and the stimulated emission 
has just as great an effect in determining the amount of 
radiation absorbed as the excitation process. Neglecting 
then spontaneous emission we may write Eqn (11) in the 
form 


dN. 
Sp = — BU(V)(N2 — Nj) (18) 
also since 
dN, _ _ Ni 
dh ina 
dN 
a = — BU(v)\(N, — N>). (19) 


Now suppose we have a power P at frequency v in a beam 
of unit cross-sectional area, so that the number Ny of quanta 
incident on unit area per unit time is P/hv. Now consider a 
small thickness dx; the power absorbed per unit time is just 
hv(dN,/dt)dx. We may write Eqn (19) in terms of P instead 
of U(v) which is proportional to it, ice. we have 


dN, 


dt = — aP(N, 


ty) (20) 


where a is a transition probability per unit incident power. 
Thus we have 


p te ee é 
hag Paral LPN eT (21) Power and large transition probability give a short tim 
dx dt achieve saturation. 
The absorption coefficient « is defined by the equation Inehe shore discussion GEG Onitted tovconsidem® 
cesses such as collisions, etc., tending to restore ther 
dP di okectaps ao dynamic equilibrium. These may generally be represe 
ax (22) as having a relaxation time 79, i.e. if the system were lef 
itself it would decay exponentially back to equilibrium 
so that P = Pye ™. (23)  time-constant 79, i.e. we should have 
Hence we see that « is given b 
M dN; _  —- Ni — Nin 
a = hva(N, — N>). (24) dt > 
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The absorption is therefore proportional to the differe 


between the populations of the two levels. When hv < 
we then have from Eqn (7) 
oa = ah?y*N/2KT, | 
and we see that « increases as T is lowered. 
Now it is well known that the process of absorption 


coherent one, i.e. as a wave with well-defined phase pas 
through an absorbing medium its phase may change, but. 
coherence is not destroyed. It follows that stimul 

emission is also a coherent process as (24) shows that the} 
absorption is just a balance between direct absorption | 
stimulated emission. Thus if we could obtain more stit 
lated emission than direct absorption we should have | 
emission and the radiation so emitted would be cohen 
provided the exciting radiation is coherent; such a pro 

can be truly described as ‘amplification’. When we a 
Egn (21) we see that the condition for net emission (dN, /dt= 
is that N, > N,;. This can never occur in thermodynaj 
equilibrium and we must now consider methods of upsett 
the thermodynamic equilibrium in order to make N, > 
The technique of designing molecular amplifiers consists 
devising methods of achieving this condition, and the | 
of this article will be mainly concerned with a description 
the various methods which have been used. Before 
ceeding with this, however, we must consider the effect 
absorption in changing the ratio N>/N,. 


8. Saturation 


When radiation is absorbed as described in the last sec 
it is quite clear that the populations in the two levels 
begin to change. If at t = 0 we have thermodynamic eq 
brium so that N; > N, then dN,/dt <0 and dN,/dt > 
i.e. the population of the lower level begins to decrease 
that of the upper level to increase. If there were no proce 
tending to restore the equilibrium condition this w 
clearly continue till N; = Nj when no more radiation w 
be absorbed; this condition is called ‘saturation’. We 
readily determine the time-constant with which it is reac 
from Eqn (20). Inserting Ny = N — N, in (20) we have 


=| = GPON, =). 


Equilibrium is clearly established when N, = N, = 4N 
then only is dN,/dt = 0. The solution of (25) is of the fd 


M = De 2aPt ah iN. 
We determine the constant D so that at r=0ON, = 
giving N, = (Nio — 4N)e724Pt + IN. 


The time constant 7 for saturation is equal to QaPy = 
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fe this process to that due to absorption we have, 
\ymbining Eqns (28) and (25), 


et =i PON RN ee iM 


(29) 


jad the equilibrium values N 1s and N,, are 


aPN + Nio0/To 
N = 
i aP SS 17, Co 
aPN + N9/To 
N>, = ; 
2 2aP lite (0a) 


17) < 2aP we have N,, ~ Nig, No, ~ Noo, and the original 
jjuilibrium is hardly disturbed. If, on the other hand, 
f > 2aP, N,;, ~ No>,~4N. The power required to pro- 


1 


P> =. 
a 2aT9 


' stimulated emission. We now proceed to discuss the 
{rious methods by means of which this may be achieved, 
of which depend on devising a means whereby N, may 
) made greater than N;. This process, termed Microwave 
tmplification through Stimulated Emission of Radiation, 
91s proposed independently by Gordon, Zeiger and Townes 


9, Atoms or molecules in a solid 


| As some of the devices we shall consider use atoms or 
jolecules in a solid to give stimulated emission we must 
4zress for a moment to consider the effect of crowding of 
‘ese together in the solid state. We specifically stated before 
fat we were considering nearly isolated molecules and this 
}proximation holds very well for a gas except at high 
‘essures. For a solid two main effects take place which 
j: have not so far considered. These are as follows: 

/(i) An excited molecule may fairly readily give up its 
ergy of excitation to the rest of the solid in the form of 
/-tice vibrations. (This is not a true spontaneous emission, 
lit the effect is sometimes regarded as such and even called 
jontaneous emission in the literature. This we think is 
jnfusing and prefer to call it ‘relaxation’ since the process 
‘one tending to restore thermal equilibrium.) It is found 
Jat this process may generally be represented by a relaxation 
ine as in §8. The relaxation time is generally called 7, in 
je literature and may vary from 10~*s to several seconds 
hen the energy levels 1 and 2 are derived from a spin 
stem it is generally called the spin-lattice relaxation time. 
\(ii) Because of their mutual interactions the energy levels 
4e broadened into narrow bands. (This always happens 
\th a ‘many-particle’ situation, cf. the energy bands for 
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electrons in a solid.) In order to keep the width of these 
bands down, ‘dilute’ materials are used, the active molecules 
being widely separated in the solid. The absorption lines are 
broadened and have a line width Av, and we may define a 
time 7, by means of the relationship Av = 1/277); 7, is 
sometimes also referred to as a relaxation time. For spin 
systems it corresponds to spin-spin interactions and is 
generally called the spin-spin relaxation time. In many cases, 
however, it is not a true relaxation time as 7; is. 


10. The separation-type Maser 


In principle, the simplest way of arranging that the number 
of molecules in level 2 exceeds the number in level 1 is to 
remove those in level 1 entirely. Suppose the state of 
excitation is used to ‘label’ the molecules in state 2 and the 
mixture passed through a chamber in which those labelled (2) 
are passed and those labelled (1) rejected. We should then 
be able to pass a stream of excited molecules into a wave- 
guide or resonant cavity where they could be induced to 
emit by stimulation. A resonant cavity is generally pre- 
ferred in view of the higher fields obtained with small incident 
power. The idea of separation is by no means so far-fetched 
as may seem at first sight and was used to make the first 
successful Maser by C. H. Townes and his staff at Columbia 
University (Gordon, Zeiger and Townes 1955). 

The ammonia molecule exhibits very strong microwave 
absorption at a number of frequencies near 23-9 kMc/s (Gc/s). 
The main absorption is due to the so-called inversion of the 
molecule, fine structure being due to rotation. For simplicity, 
we shall only consider two levels. The form of the ammonia 
molecule NH; is illustrated in Fig. 2. The nitrogen atom 


N 


Fig. 2. The ammonia molecule. 


has two positions of equilibrium, one above and one below 
the plane of the three hydrogen atoms. By the quantum- 
mechanical tunnel effect it can pass from one to the other. 
It is a well-known result of quantum mechanics that the 
apparently degenerate state corresponding to the two posi- 
tions is split into two separated by energy AE. The frequency 
v given by v = AE/h corresponds in a semi-classical picture 
to the frequency with which the nitrogen atom oscillates 
between the two positions, and is called the inversion fre- 
quency. The two levels we denote as before by (1) and (2). 
Were it not for this rapid inversion, the molecule would 
have a strong dipole moment because of its asymmetry, but 
because of the inversion this is a rapidly oscillating dipole 
and has no average moment. When an electric field is 
applied, however, it encourages the nitrogen atom to stay 
longer on one side of the plane of the hydrogen atoms and 
so induces a dipole moment. It turns out that because of 
the different symmetry of the wave functions for states (1) 
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and (2) the sign of the dipole moment is opposite for these 
states. For the lower state it is such as to decrease the 
energy in an electric field. If & is the strength of the electric 
field the induced dipole moment p will be of the form p = yé. 
The energy of the molecule in state (1) will be given by 


J x E — py = E; = ye. (31) 
In state (2) it will be given by 
E = Ey — y2€?. (32) 


It turns out that y; > 0 and y,< 0. The levels therefore 
show a quadratic Stark effect, the electric field lowering the 
energy of the bottom level and raising that of the top. The 
different dipole moments may thus be used as ‘labels’. 
Separation is achieved by use of an inhomogeneous electric 
field. It is clear that molecules in state (2) will tend to move 
into the weaker parts of the field and those in state (1) into 
the stronger parts. Ammonia molecules are shot from an 
oven through an electrostatic separator and the excited 
molecules are passed into a microwave cavity (Fig. 3). The 


INPUT OUTPUT 


OVEN SEPARATOR 
CAVITY 


Fig. 3. Separation scheme for ammonia Maser. 


separator consists of a cage of wires charged alternately 
positive and negative. Along the axis of the cage there is 
zero field (Fig. 4). The molecules in state (2) tend to move 


Fig. 4. Electrostatic separator. 


towards the weak field near the axis and are focused, whereas 
those in state (1) are dispersed. If weak microwave power is 
fed in at the input to the cavity resonator, provided the ampli- 
fication due to stimulated emission is greater than the loss 
in the cavity, net amplification will result. This will only 
occur if the cavity Q is high enough and it is properly loaded. 
If the cavity is lightly loaded, and the energy produced by 
stimulated emission exceeds that due to losses in the cavity, 
oscillation will take place. In this case the Maser will act 
as a very stable microwave oscillator, the frequency being 
essentially that of the ammonia absorption line being used. 

If P is the average probability that a molecule will be de- 
excited in passing through the cavity the power generated by 
stimulated emission when N molecules pass through per 
second is equal to NPhv. Now P is proportioned to the 
microwave energy W in the cavity. Let us therefore write 
P = CW where C is a constant determined by the transition 
probability, average time in cavity, etc. We then have for 
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| 
| 
the power generated by stimulated emission NhvCW. | 
power lost through cavity losses is given, as is well kna 
by 27vW/Q (Q is the Q of the cavity). We have ther 


oscillations if | 


NhvCW > 2rvW/Q | 
or N > 2n/hCQ. | 


There is thus, for a given value of Q, a critical numbe: 
molecules required to make the system oscillate. 

As an amplifier this type of Maser has a certain bandwie 
The relaxation times discussed in §9 do not apply hy 
Mutual interaction is negligible, since collisions betw 
molecules, at the pressures used have little effect. There | 
small spread in frequency due to Doppler shift but, since 
cavity is designed to have its electric field at right ‘angi 
the line of flight of the molecules, the effect is very sm 
The effective relaxation time 7 is in fact determined | 
collision with the walls of the cavity, and is nearly equa) 
the time of flight through the cavity. Classically, the moleg 
is only being stimulated for a finite time 7 and radiates q 
during this time. This gives rise to a frequency spread of i 
order of 1/7. The velocity V of the molecules from the of 
as used is about 4 x 10* cm/s and the cavity has a leng} 
of about 10cm; thus tr = //V = 2-5 x 10-*s. The} 
quency bandwidth Av is thus only about 4 kc/s; this is | 
of the main limitations of the ammonia Maser as an ampliii 
As an oscillator it appears to be extremely stable havi 
stability of the order of a few parts in 10!*, but the po} 
generated is only of the order of 10—!° watt. As an amp 
noise factors very close to 0 dB have been observed. Amma 
Masers have been made to operate in various laborato 
and are generally used as highly stable oscillators or as mi 
wave spectrometers. More recently a separation Mase 
this type has been made to operate using atomic hydro 
giving an extremely narrow emission line at the frequenc 
the so-called ‘galactic’ hydrogen line (1420 Mc/s) (Goldenb 
Kleppner and Ramsey 1960). This promises to pro 
perhaps the most stable and reproducible oscillator 
devised and may have important uses as an ‘atomic clock 


11. The inversion-type Maser 


If by some means or other we could reverse the positi’ 
of the levels (1) and (2) when in thermal equilibrium, wit 
changing their populations, we should then have the greq 
number of molecules in the higher level and so get emis 
until relaxation restored the equilibrium distribution. 
suppose the two levels arise from a single unpaired elect! 
in an atom. Such an electron may take up one of 
positions in a magnetic field—its magnetic moment pu pointi 
either along the field or in the opposite direction. In | 
former case the magnetic energy is —jH and in the la 
itis wH. The two states arising in this way have energies | 


Ey = Ey — pH 
Eo = Eo + 


the separation AE = 2 ~H corresponding to a freque 
v = AE/h = 2H/h. Inserting the value for the electr. 
magnetic moment (1 Bohr magneton) we have numeric 
v = 2:8 H Mc/s with H expressed in oersteds. (Thus 
H = 10000 oersteds this corresponds to a wavelength 
about | cm.) 

Now suppose we were to reverse the magnetic field 
quickly that the levels (1) and (2) are interchanged bef 
the populations have time to change—we should then h 


|hieved the desired result. This turns out, however, to be 
‘\ry difficult in practice and as we change the magnetic field 
‘te populations follow. There is, however, a practical way 
which the same result may be achieved. If we were to 
ep the field steady and apply a strong microwave signal at 
2 resonant frequency, we should saturate the levels. If, 
j;wever, the frequency is first of all well below resonance 
"ud is swept up through resonance to a value well above 
sonance it will be found that the populations of the two 
jvels have been inverted. This was shown by Bloch (1946) 
jc nuclear spins in his original and now classical paper on 
\;clear induction; it is, however, a quite general result for 
‘}y two well-separated levels. Instead of sweeping the 
jquency, the magnetic field may be raised slightly in value 
take the system across the resonance. The rate of sweep 
»jast be fast enough to accomplish the switch over in a time 
{}ort compared with the relaxation time 7,, but must also be 
“yw enough to make the change-over ‘adiabatic’. This 
|; ter condition comes from the analysis and is equivalent to 
dying that the internal molecular readjustment must be 
jle to follow the changes. The method is known as 
jliabatic fast passage’ and has been used by Combrisson, 
4onig and Townes (1956) to obtain stimulated emission 
[ing doped silicon. In this case the relaxation time 7, is 
ty long at low temperatures. Sufficient emission was 
4jtained to reduce appreciably the Q of the cavity, but not 
4ficient to obtain oscillations. Maser action has now been 
j)served in doped Si (Feher et a/. 1958) and also in a number 
(| other materials (Chester, Wagner and Castle 1958) using 
|s method of inversion. A pulsed amplifier might be made 
jing the scheme indicated in Fig. 5; in this case the magnetic 
ld is varied. At time T, the magnetic field H is set at a 


FIELD 
2 
° 
eH 


MAGNETIC 


= 1 ie teas 
iy T2 TIME 1B Ue, 
i Fig. 5. Scheme for amplifier using adiabatic fast passage. 


‘lue H,; a strong microwave signal is applied of frequency 
given by hyp = 2uH)(H, < Ho). At time 7) the field is 
Ised to the value H,(H, > Ho) passing through the 
jonant value Hy. It is then held constant and the 
i;tem should act as an amplifier at frequency v = 24H)/h. 
is it does till time 73, provided T; < 7,, when the magnetic 
ld is decreased, reaching the value H, at time 7, when 
in it is held steady till time 7;, long enough to bring the 
‘n system into thermal equilibrium. (For a substance like 
}con, T; — 74 may be quite short since optical injection 
electrons may be used to decrease the relaxation time 
ring this period.) After time 7; the cycle is repeated. 
e amplifier is only active for a fraction of the time 
— T>)/(T; — T), but this may be quite large. 
There is also another, and in some ways more subtle, way 
) achieving inversion of energy levels. The transition 
obability theory which we have applied only really holds 
* weak stimulation. When strong microwave fields are 
volved we must use a direct quantum-mechanical treatment 
‘derive the probability of a transition taking place from 
‘el (1) to level (2) or from level (2) to level (1). In this case 
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the probability is no longer a linear function of the time. If 
the probability of excitation becomes large, clearly the mole- 
cule will almost certainly be excited to level (2) and then 
when in level (2) will be stimulated back to level (1), etc. 
We should therefore expect the probability of finding an 
atom in level (2) to be a periodic function of the time if we 
neglect relexation, and this is just what is found. Suppose 
we know that at time t = 0 a molecule is in state (1). When 
stimulated at the resonant frequency it turns out that the 
probability P(r) of finding it in state (2) is given by 


P(t) = sin2(7™") 


where W; is the interaction energy with the peak applied field. 
For an electric dipole W; = p @, where p is the dipole moment 
and @ is the amplitude of the applied field, and for a mag- 
netic dipole W; = »H. For a waveguide carrying power P 
per unit area we have approximately 


P= B-cis7. 


If P=1 watt this gives H=~5 oersted, so that 
W;/h = 0-28 Mc/s. The time T required to invert the levels 
is therefore given by 


T =h(2W =1-8 us. 


(34) 


By means of a carefully controlled pulse of microwave power 
the levels could therefore be inverted. We have so far 
neglected relaxation effects, but if 7; > h/2W; then clearly 
they will be unimportant. This method, so far as is known, 
has not yet been made to work in a Maser. 


12. The three-level Maser 


The most successful method of obtaining stimulated 
emission using a solid is that proposed by Bloembergen (1956). 
This employs three levels (1), (2), (3), having energies E,, E>, 
E; in ascending order (see Fig. 6). Now suppose we apply a 
strong microwave signal of frequency v,3; = (E; — E))/h so 
as to saturate the levels (1) and (3). We suppose the relaxa- 
tion time 7,3 for these two levels to be sufficiently long for 
this to be possible, so that we have N,; ~ N3. Next we 


Fig. 6. Energy levels for ‘three-level’ Maser. 


suppose that the levels (2) and (3) have a relaxation time 733 
so short that it is difficult to disturb the equilibrium ratio of 
their populations, without the presence of a strong signal of 
frequency v2; = (E;— E)/h. We then have 


N3/N> = exp (— hv 3/kT). (35) 
Since N, ~ N; we now have 
N,/N> = exp (— hvz3/kT) (36) 


ie. N; < N>. If we had simply inverted the levels (1) and (2) 
we should have had 


N,/N> = exp (— hv>/kT). 
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We may write Eqn (36) in this form, namely 


N,/N> = exp (— hr2/kT.) (38) 


where T, = Tvj/v3 and is called the effective inversion 
temperature. Thus we have when hv, < kT 


(Ny, — N,)[N ~ hv4/2kTe 


this being the fraction of the molecules which effectively 
takes part in emission. 

Maser amplifiers using this principle have now been used 
for a number of applications and provide receivers with 
effective noise temperatures of only a few degrees k (see § 15). 
The temperature T is frequently about 2° k, being provided 
by liquid helium pumped so as to be below its A-point. The 
advantage of using as low a temperature as possible will be 
seen from Eqn (39) since the smaller the value of 7 the 
greater the fraction of ‘active’ molecules which can take 
part in stimulated emission. Ruby is the most commonly 
used material, in the form of single crystals of Al,O3 with 
about 0-1°% of Cr. The Cr3+ ions in the crystal provide the 
active centres, being paramagnetic ions with spin quantum 
number 3/2. They would therefore provide four energy 
levels of which we could choose any three for Maser opera- 
tion. (These would have energies Ey + wH, Ey + 34H if it 
were not for the effect of the crystalline field which modifies 
the variation of energy with magnetic field. The variation 
depends on the orientation of the crystal, and for ruby is 
now known in great detail.) A Maser amplifier using ruby 
has also been made to operate at a temperature obtained 
with liquid nitrogen, though naturally with increased effective 
noise temperature (Ditchfield and Forrester 1958). The 
pump power is normally provided at a frequency v,3 which 
is greater than the signal frequency v,,._ Recent developments, 
however, indicate that a subharmonic of 1,3 might also be 
used, giving a pump frequency /ower than the signal frequency. 
A number of other materials have been used particularly in 
attempts to obtain operation with signal frequency in the 
millimetre wave-band, but for most purposes ruby is still 
preferred. 

In the first group of three-level Masers to operate, the 
active material was placed in a resonant cavity. In a more 
recent development the material is in the form of a strip in a 
travelling-wave tube. This arrangement has certain advan- 
tages, particularly as regards stability of operation (De Grasse, 
Schulz-DuBois and Scovil 1959). The great virtue of the 
‘solid-state’ three-level Maser is that it has a fairly large 
bandwidth, of the order of a few Mc/s, and may be operated 
at low temperatures so as to obtain a very low effective noise 
temperature (see § 15). 

A recent development of very great interest is the extension 
of this principle to provide amplification of light. In this 
case the frequency vj, lies in the red part of the visible 
spectrum, the material used again being ruby. The energy 
levels are, however, some of the natural levels of the chromium 
ion and not those created by means of a magnetic field 
(Maiman 1960, Collins et al. 1960). Light amplifiers will be 
discussed in a later article. 


(39) 


14. Noise factors of Masers 


We shall now give a very elementary discussion of the 
noise factors or effective noise temperatures obtainable with 
Maser amplifiers. In order to simplify the treatment we 
shall assume rather ideal conditions. The results of such a 
calculation, however, seem to be fairly general (Wittke 1957). 
We shall also neglect, to begin with, the losses in the wave- 
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guide; they may readily be taken into account, but complio 
the algebra. Suppose we have noise power P, and Sig 


== iPes EGR, 


— P., — Ps, 


Saale = ein — Pn2=FGPni 


Fig. 7. Simplified waveguide Maser. 


Then we have 
dP, = J(N> a N,)P,dx 


where J is a constant (equal to Ava in Eqn (21)) and N, d 
N, have their usual meaning. Also we have 


aPs oes J(N> aan N,)P,dx +> KN>dx. 


The second term in (41) arises from what we have cal 
spontaneous emission and is proportional to N>, the nu 
of molecules in the upper state. Now let the input and 
put signal and noise powers be respectively P.1, Ppt | 
P.5, Pyz. First, let us consider the case of thermal equilibrif 
when P, = 0 and the source, waveguide and active matef 
are all at the same temperature 7,. We shall denote 1 
condition by zero suffixes. We have then dP, = 0 so tha 


J(N29 — Nio)Pno + KN29 = 9. 


material. 


; 
i 


Thus we have 
fe Nio = 
K = JP9( —* — 1) 2 IP ght [kT, 
N29 


but P,9 = AT, so we have 
Ko— J Ay: 
This determines the constant K in terms of J. We have t 
replacing K in Eqn (41), 
dP. 
oe = JN,(P, + hv) — JN;P,. i 


Integrating Eqn (40) we have, if / is the length of the gu 
occupied by active material, 


P q 
P. = exp J(N, — N)} =G ( 


where G is the power gain. For simplicity we shall suppé 
G > 1. Eqn (43) may also be readily integrated to give 


N: 
Pa = GPa + bo Pa OG — 0. ( 
When G > | the noise factor F is then given by 
hy N: 
je" Z 
eRe ) 
hy N 
= jl 2 
5 kT, Ny — Ny 


where 7, is the temperature of the load. (A more gene: 
expression, applicable when G is not very much greater th 
1 and taking into account guide losses, is given by Witt 
(1957).) Eqn (47) gives the noise factor available in 
ideal Maser and if the gain is high it may be closely appro: 
mated. The effective noise temperature T, is obtained fre 
Eqn (4) and is given by 


T, = Nzhv/k(N, — Nj). (4 
Let us now examine various particular cases. 
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)) Separation Maser. 
| In this case N 1 = 0 so we have 


F =1 +4 Av/kT, (49) 
T, = hv|k (50) 


j'ith v = 23870 Mc/s and T, = 300°x, F=1-004 and 
4; = 1-4°k. Values close to these have been observed, but 
i is clearly very difficult to give an exact figure. 


\ i) Inversion Maser. 


| In this case AE Neamt OE 
| N> kT, 


“here T, is the temperature of the waveguide or cavity, so 
ite have 
T, = T,. (52) 


i, — 7, F = 2 G dp), while if T, = 3° k and T, = 300° k, 
Se 1-01 and 7, = 3°xK. 


+ 


)ui) Three-level Maser. 


' In this case we have (see Eqn (38)), 
y No Ng hv hy Vs 
| Np Eee Di, =P; 


(53) 


»here vp and v, are the pump and signal frequencies. 
8 Hence we have 

i Fea ge fea 
| Way —— 1S T, 
| T, = v,T,/p — Vs). 


(54) 


(55) 


- < Vp we have F ~ 1 even when 7, = T,. For v, = trp 
we have 
b (56) 


(57) 


F=1+T,/T, 
T, = Te 


5 for the inversion Maser. 

For the conventional definition of the noise factor we have 
yen that 7, is normally taken as 300° k. In order to compare 
“ie performance of a number of receivers when used with an 
iput corresponding to a given value of 7, we may either use 
sie general equation for F or the effective noise temperature 
|... If for the given value of T, the value of F obtained from 
qn (48) is appreciably greater than unity the receiver is not 
6; good as it could be. Another way of saying this is that 7, 
‘ould be much less than 7, if the receiver itself is not to 
jntribute an appreciable amount of noise. On the other 
lind, there is little point in seeking to reduce the value of T, 
| T, is already much higher; for example, there is no point 
using a receiver for which T;, is a few degrees K with an 
rial and lossy waveguide system for which the effective 
brial temperature is of the order of 100°k. With such a 
ceiver it would be well worth while looking at really cold 
»urces. This is perhaps the main application envisaged 
't the Maser amplifier, the most usual cold source being 
liter space. We must stress that in the above treatment no 
count has been taken of waveguide attenuation. Ifa source 
/ temperature 7, is connected to an amplifier by a length / 
‘waveguide (passive) at temperature 7, and having attenua- 
‘om «, the effective temperature 7,’ of the source as seen by 
e amplifier will be given by 


TT Cat ed (lea teg 4): 
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If T, > T;, a! must be kept quite small, otherwise T,’ > T,. 
Care will therefore have to be taken over lossy waveguide 
runs and it may even be necessary to cool the waveguide in 
certain circumstances. 


15. Some applications of Maser amplifiers 


As we have seen above, the main advantages of a Maser 
amplifier will only be realized when the effective noise tem- 
perature of the input is low. At microwave frequencies the 
effective temperature of outer space is very low, but it 
increases rapidly as the wavelength increases; this is illus- 
trated in Fig. 8, which shows the variation of effective noise 

emperature for an ideal aerial with no side-lobes pointed 
well above the horizon and neglecting atmospheric absorption. 
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Fig. 8. Effective noise temperature of outer space and of the 


atmosphere as a function of wavelength (after Hogg 1959). 
¢ = angle above horizontal. 


A shaded band is shown to allow for the fact that the noise 
varies over the sky and the edges of the band correspond to 
maximum and minimum noise temperature. When account 
is taken of atmospheric absorption, the effective noise tem- 
perature of the atmosphere (also shown in Fig. 8) must be 
included (as with a lossy waveguide) and varies with the 
angle ¢ which the main lobe of the antenna makes with the 
horizon. If the antenna points nearly horizontally so that 
part of its main beam strikes the earth, the effective noise 
temperature will approach the earth temperature. If there 
are appreciable side lobes or backward ‘spill-over’ from the 
antenna, these will raise the effective noise temperature 
when the contribution from the atmosphere and outer space 
is less than 300° k. It will be seen that for frequencies above 
0-3 Gc/s (A = 1m) the input noise is mainly from outer 
space and effective noise temperatures in excess of 300°k 
are encountered. At a wavelength of 3 cm, however, the 
main contribution comes from the atmosphere which for an 
aerial pointing at the zenith has an effective noise temperature 
of just over 3° kK. For such wavelengths the use of a Maser 
amplifier is well worth while and has been used by Alsop 
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et al. (1958) for radio-astronomical observations, the Maser 
amplifier being mounted at the focus of the radio telescope. 
A Maser amplifier operating at a wavelength of 10cm has 
also been used in conjunction with the radio telescope at the 
Royal Radar Establishment, Malvern. A Maser amplifier 
operating at frequencies near that of the hydrogen line at 
1420 Mc/s has been used along with the Harvard radio tele- 
scope by Artman, Bloembergen and Shapiro (1958) to study 
galactic radiation from hydrogen. By far the most detailed 
analysis of the various contributions to the noise carried out 
so far for a low-noise system is that of De Grasse, Hogg et al. 
(1959 a, b), who combined a travelling-wave Maser amplifier 
with a specially designed antenna to obtain the remarkably 
low overall noise temperature of 18-5°k at a frequency of 
5-65 Gc/s. The noise was made up as follows: the Maser 
amplifier had a gain of 35 ds and effective noise temperature 
of 10-5°k, the noise from outer space gave 2:5° k, aerial 
side lobes 2° K, antenna, waveguide and coupler loss 3-5° k. 
Low-noise systems of this type have recently been used at 
the Bell Telephone Laboratories in connection with the 
communications system depending on reflections from a 
satellite in the form of a spherical balloon. 


16. Other forms of low-noise amplifiers 


The Maser is not the only type of low-noise amplifier 
recently developed. Encouraged by the success of this type 
of amplifier designers of travelling-wave tubes have devised 
various means of reducing the noise which they generate. 
A type of amplifier known for a long time and depending 
for its operation on the cyclic variation of a reactive circuit 
element—the so-called parametric amplifier—has found 
practical application at very high frequencies through the 
use of variable reactance diodes available through semi- 
conductor technology. Except when the very lowest possible 
noise temperature is desired such amplifiers may compete 
with the Maser type, especially at frequencies below 3000 Gc/s. 
They will be described in another article of this series. 


17. Bibliography 


A very large number of papers has appeared on the subject 
of Masers in the past five years and no attempt has been 
made to compile a complete list of references, only a small 
number of outstanding papers being quoted. Literature in 
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book form is still rather scarce, but an introduction to 
subject has been given by G. Troup (1959) and an extens} 
account of recent research in the form of a conference rep 
has been published under the editorship of C. H. Towi 
(1960); this contains a considerable number of references) 
original papers. 


References 


Atsop, L. E., GIORDMAINE, J. A., MAYER, C. H., and To 
C. H., 1958, Astronom. J., 63, 301. 

ARTMAN, J. O., BLOEMBERGEN, N., and SHAPIRO, S., 193 
Phys. Rey., 109, 1392. 

Basov, N. G., and ProkHov, A. M., 1956, Zh. Exper. Theé 
Vijbe,, lly, 3 | 

Biocu, F., 1946, Phys. Rev., 70, 460. 

BLOEMBERGEN, N., 1956, Phys. Rev., 104, 324. | 

CHESTER, P. F., WAGNER, P. E., and CASTLE, J. G., 193 
Phys. Rev., 110, 281. 

COLLINS, R. J., NELSON, D. F,, SCHAWLOw, A. L., BOND, Vi 
GARRETT, C. G. B., and Kaiser, W., 1960, Phys. Ré 
Letters, 5, 303. | 

CoMBRISSON, J., Honic, A., and Townes, C. H., 195 
C.R. Acad. Sci., Paris, 242, 2451. | 

De Grasse, R. W., Hoace, D. C., Ou, E. A., and Scovi 
H. E. D., 1959a, Proc. Nat. Electronics Conf., 15, 370. | 

De Grasse, R. W., ScHuLZ-DuBots, E. O., and Scovi 
H. E. D., 1959b, Bell Syst. Tech. J., 38, 305. | 

DITCHFIELD, C. R., and Forrester, P. A., 1958, Phys. Rd 
Letters, 1, 448. | 

FEHER, G., GORDON, J. P., BUEHLER, E., Gove, A. E., a 
THURMOND, C. D., 1958, Phys. Rev., 109, 221. 

GOLDENBERG, H. M., KLEPPNER, D., and RAmsgEy, N. 
1960, Phys. Rev. Letters, 5, 361. 

GorRDON, J. P., ZEIGER, H. J., and Townes, C. H., 19% 
Phys. Rev., 99, 1264. 

Hoae, D. C., 1959, J. Appl. Phys., 30, 1417. 

MAIMAN, T. H., 1960, Nature, Lond., 187, 493. 

SMITH, R. A., Jones, F. E., and CHAsmar, R. P., 1957, 
detection and measurement of infra-red radiation (Oxfor 
University Press). | 

Townes, C. H. (Ed.), 1960, Quantum Electronics (Columbi} 
University Press). | 

Troup, G., 1959, Masers (London: Methuen Monographs)j 

WITTKE, J. P., 1957, Proc. Inst. Rad. Engrs, N.Y., 45, 291. 


VoL. 12, May 1961 


(he physics of computer elements 


iy C. N. W. LITTING, F.Inst.P., Electrical Engineering Laboratories, University of Manchester, Manchester 13 


! TS. received 13th February 1961 


Abstract 


(he main requirements of a computing machine are that 
) should be able to receive and store information, perform 
i gical operations on the information and finally to pro- 
tice some form of useful output. Some interesting tech- 
Jques employed in satisfying these requirements are 
»scribed together with the physical phenomena on which 
‘ey depend. The main use of novel techniques is in the 
Sorage of information and various systems are examined 
Vhich depend on different physical principles. The 
illowing types of system are considered: acoustic, 
Yectrostatic, magnetic, optical and superconducting. It is 
ionsidered that at present magnetic or superconducting 
“pvices employing thin films show most promise for the 
velopment of high speed devices. 


( 1. Introduction 


v) available electronic digital computer was installed in this 
if country (Williams and Kilburn 1951), and since that time 
Yany components employing interesting physical principles 
‘ave been employed or proposed for use in computing 


[: is now nearly ten years since the first commercially 


Ina digital computer, information, be it routing instructions 
i; numbers, is fed along wires in the form of pulses of current 
6° voltage. The main requirements of a machine could be 
faumerated as follows: 


i, G) Input of information—both numbers and instructions. 
i Gi) Storage of information. 

{ Gii) Logical circuits to perform arithmetical operations. 

\ Gv) Output of information. 


1 The input and output operations are often performed by 
irly conventional teleprinter tape, or punched card, equip- 
Other 


jent employing mechanical or photoelectric readers. 
‘teresting possible methods will be considered later. 
/ The circuits to perform arithmetical operations are normally 
‘nilt up from a few simple logical ‘gate’ circuits in which 
‘ermionic valves or solid state devices are used as controlled 
<vitches. 

‘Many methods have been employed for the storage of 
formation, and make use of a large variety of physical 
‘inciples. For the storage of binary digits any physical 
¢stem which has two recognizable stable states may be used. 
‘1 some cases it will be found that use may be made of the 
‘yo stable states to produce more sophisticated input or 
jitput devices, or even to alter the logical arrangement of the 
achine. 

It is therefore proposed to examine various types of storage 
spending on different physical properties and at the same 
ne to mention any further use that can be made of these 
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properties ina machine. Most of the devices considered can 
be classified into one of the following five types: 


(i) Acoustic. 

(ii) Electrostatic. 
(iii) Magnetic. 

(iv) Optical. 

(v) Superconducting. 


They will therefore be treated under these headings. 


2. General requirements of a storage system 


As has already been mentioned, any physical system which 
has two recognizable stable states could be used as the basis 
of a storage system. It is, of course, necessary to recognize 
or determine the state of the system in order to perform the 
operation of ‘reading’ the state of the system. It does not 
matter if the reading of the system destroys the stored 
information provided it can be re-written into the store 
immediately. To be of use in a computer, however, a store 
must have other properties as well. It must be possible to 
construct a large store containing many storage elements 
whilst still having rapid access for the reading or writing of 
information, at selected points in the store, without affecting 
the stored information at other points. Thus, storage 
systems often employ a two- or three-dimensional array of 
storage sites, a particular site being obtained by selection of 
the necessary coordinates. 


3. Acoustic systems 


One of the earliest types of storage system employed in 
computers was the mercury delay line (Wilkes and Renwick 
1948). In this system the information to be stored is trans- 
mitted down a mercury tube in the form of acoustic waves: 
it is received at the far end at a later time and after reshaping 
of the pulses it is transmitted again. The system can, 
therefore, contain a certain amount of information in con- 
tinuous circulation, the quantity being determined by the 
velocity of sound and the length of the path in the mercury. 

As with all delay line systems of storage, this system suffers 
from the disadvantage that once the information has been 
transmitted down the line it cannot be made available until 
it has reached the other end, which for a five-foot length of 
mercury is approximately one millisecond later. 

The original acoustic lines employed mercury and piezo- 
electric transducers, but use could be made of any suitable 
combination of transducer and material for the delay line. 
One example of another type is the use of a nickel wire delay 
line and magnetostrictive transducers (Millership ef al. 1951). 


4. Electrostatic systems 


A storage system could be built employing individual 
capacitors to store the charge appropriate to every digit, but 
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this would be very expensive and bulky besides suffering from 
difficulties of access and digit selection. These difficulties 
were overcome in cathode-ray tube storage systems in which 
charge was stored on small areas of the insulating screen 
surface (Litting 1954). 

The simplest of these systems, which was used in the early 
Manchester machines, employed a conventional cathode-ray 
tube (Williams and Kilburn 1949). In this system the 
information is stored as a charge pattern on the screen surface, 
each element of area being capacitively coupled to an external 
pick-up plate attached to the face of the tube. Thus, changing 
the potential of an element of area of the screen surface will 
result in an output from a high gain amplifier attached to the 
pick-up plate. To provide a storage system it is therefore 
necessary to set up the required charge pattern on the screen 
surface and to determine the pattern at a later time. This is 
accomplished by means of secondary emission produced by 
the cathode-ray tube beam. 

The energy of the electrons in the beam is such that the 
secondary emission ratio of the screen surface is greater than 
unity. In these circumstances the whole of the screen 
surface acquires an equilibrium potential such that the net 
number of secondary electrons leaving the screen is equal to 
the number in the primary beam, the remainder of the 
secondary electrons returning to the surface. This potential 
is approximately equal to the potential of the internal con- 
ducting coating on the tube. At any time the actual spot 
bombarded by the beam will be a few volts positive with 
respect to the rest of the screen due to the velocity of emission 
of the secondaries, and the screen surrounding the spot will 
charge slightly negative due to the rain of returning secon- 
daries. A positive ‘well’ is thus excavated on the surface, 
the depth of the well being determined by the velocity 
distribution of the secondaries (Fig. 1(a)). 


Cee Oe 
ne meen, 


Fig. 1. Potential distribution on cathode-ray tube screen: 


(a) single spot; (6) double spot. 


If the beam is switched on and off continuously there is no 
change in the charge on the screen surface, but every time 
the beam is switched on a cloud of electrons is produced in 
the vicinity of the screen. This cloud produces a transient 
pulse or cloud pulse at the output of the amplifier connected 
to the pick-up plate, and when the beam is switched off the 
cloud of electrons is removed and an opposite pulse is 
obtained. The output obtained when a single spot is 
switched on and off is shown in Fig. 2 (a) and (). 

If during the time when the beam is switched off a suitable 
square wave (Fig. 2(c)) is applied to the deflector plates, two 
separate spots will resuit. 

If the separation of these two spots is one spot diameter, 
interaction takes place between the two resulting potential 
‘wells’, the secondary electrons from one spot being attracted 
to the other spot. As these redistribution secondary electrons 
are of low kinetic energy they cause negligible secondary 
emission and hence tend to neutralize the original positive 
charge, i.e. they tend to ‘fill’ the well. Thus, when the beam 
impinges on the other spot, the well has to be re-excavated to 
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re-attain the equilibrium potential. The effect of the 
processes which involve changes in the charge pattern on 1 
screen surface are summarized in Fig. 1(b) and Fig. 2. TI 
potential distribution indicated in Fig. 1(b) represents th 
pertaining to the instant at which the right-hand spot E 
been switched off. When the left-hand spot is now switch 
on, the left-hand well is excavated and, at a slower rate, # 
right-hand one is filled up. There are therefore three effes 
which contribute to the output of the amplifier: the cloy 
pulse, Fig. 2(b), a positive digging pulse, Fig. 2(d), representi 
the removal of negative charge, and a negative filling pull 
Fig. 2(e). The resultant output is thus of the form shown) 
Fig. 2(f). It is thus possible to leave a spot on the scr 


(1) 


Fig. 2. Single and double-spot waveforms: (a) grid modulating 
waveform; (b) cloud pulses; (c) shift waveform; (d) digging 
pulses; (¢) filling pulses; (f) amplifier output with double spot! 


surface in a discharged or charged condition by meré 
bombarding the required spot and then bombarding or a 
bombarding an adjacent spot. The state of the spot can thi 
be determined on subsequent bombardment, for a positif 
digging pulse will result if it had been discharged by :; 
adjacent spot and a negative cloud pulse if it had not. 
thus have the basis of a storage system, as the spot can | 
left in either of two states and identity of the state can | 
determined at a later time. In addition, the output may 
used to operate a ‘gate’ circuit and ‘re-write’ the desir 
charge distribution on the screen surface so that the store 
information is not lost by ‘reading’ it. The stored charg: 
gradually leak away, but of course they may be regenerate 
by merely reading and re-writing at appropriate intervals. 
The system as described is one of the simplest forms 
cathode-ray tube storage. More complicated storage tub 
have been developed (Knoll and Kazan 1952). Some empla 
internal meshes which may be used to alter the equilibriu 
potential of the surface or to act as electrodes from which tt 
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.)quired signals may be picked up. By modulating the 
|/ternal mesh electrode whilst ‘writing’ it is possible to leave 
|e surface of the screen at two vastly different potentials. 
_{-some tubes these potentials are maintained indefinitely by 
jeans of a ‘hold’ beam and certain systems even employ a 
_hird beam for ‘reading’. 

.| It is also possible to use electron induced conductivity 
jither than secondary emission as the basis of a storage 
‘stem, just as in the Vidicon television camera photo- 
Pnductivity is used whilst the Emitron employs photo- 
/nission. 

All forms of cathode-ray tube storage are slow by modern 
‘)andards and are not normally employed in modern machines. 


|| It is perhaps worth noting that electrostatic charge storage 
\ymbined with photoconductivity may be used to provide a 
srographic output unit from a computer. If the output is 


\lisplayed in a visible form (e.g. on a cathode-ray tube or 


\\yectroluminescent panel) either in the form of a graph or a 


5. Magnetic systems 
5.1. Recording on moving magnetic material 


cum is coated with a suitable magnetic material on which 
: formation is stored in peripheral tracks in a somewhat 
imilar way to a tape recording. A normal magnetic drum 
>ts as a store for about 250000 digits arranged in hundreds 
sf parallel tracks. It thus forms a large capacity store but 
iuffers from the disadvantage of having a large access time as 
3) may take several milliseconds to read out the required 
5 formation because it is necessary to wait for the drum to 
Ivolve till the required information reaches the output head. 
1) Magnetic tape may also be used for high speed input and 
jutput from a machine but suffers from the disadvantage 
jiat it is not always easy to check that the required informa- 
l'on has been written on the tape. To overcome this difficulty 
3 ‘static read head’ has been developed for obtaining informa- 
‘on off a stationary or slow-moving tape (Kilburn 1957). 
this head has an output sensitivity independent of tape speed 
Had thus, by combining it with a conventional ‘write’ head, 
) is possible to check information character by character as it 
} written on the magnetic tape over a very wide range of tape 


{ With conventional tape equipment the rate of change of 
‘“agnetic flux in the ‘read’ head is proportional to the tape 
jelocity and at low speeds the voltage output is therefore 
Inall or even zero. However, if the reluctance of the read 
ead is modulated this will produce a rate of change of flux 
i the head even if the magnetized tape is stationary. By 
hodulating the reluctance at a high frequency the rate of 
jaange of flux in the head, and hence the output voltage, is 
adependent of the tape speed over a wide range which 
icludes zero velocity. The output will be of twice the 
rodulating frequency, its amplitude and phase being con- 
‘olled by the stored signal on the tape. 

| The design of a static read head is shown in Fig. 3. It 
onsists of a strip of Permalloy C bent into the shape of a 
ead. At a point A opposite the gap B there is a hole 
yrough the centre of the material and a coil C is wound on 
ie small toroid formed by this hole. The winding is such 
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gap B 


modulation 
coil 


Fig. 3. The static read head. 


that the flux from the coil passes round the small toroid but 
is balanced with respect to the normal magnetic path round 
the head. This coil is used to saturate the material surround- 
ing the hole and so vary the reluctance of the head. On the 
other hand there is very little flux linkage between it and the 
read winding D. In addition, as the coil C produces no flux 
in the main part of the head, it cannot affect the information 


flux 


Fig. 4. Hysteresis loop of a magnetic core, plotted as total 
flux against current J linking it. 


BRITISH JOURNAL OF APPLIED PHYSICS 


THE PHYSICS OF COMPUTER ELEMENTS 


stored on the magnetic tape. Thus the only output from the 
read winding is that corresponding to the magnetic record on 
the tape. 

5.2. Magnetic cores 


In systems of storage employing magnetic cores the 
information is represented by the state of magnetization of 
the cores. One of the main difficulties in this system is the 
selection of the required information from a large store, and 
this has been overcome by making use of the properties of 
materials exhibiting so called ‘square loop’ hysteresis curves. 

The approximately rectangular hysteresis loop of these 
materials enables the cores to be assembled in a three- 
dimensional array and to employ ‘matrix’ methods of 
selection. A typical hysteresis loop of one of these materials 
is shown in Fig. 4. In this loop the flux in the core is plotted 
against the current linking the core as this is of course 
proportional to the magnetizing force. 

A current greater than or equal to /,, linking the core will 
saturate it in one direction and after that a current of 4 J, in 
the opposite direction will have negligible permanent effect 
on the magnetization. It is because of this property that it 
is possible to use matrix selection with core storage. 

In a typical two-dimensional array (Robinson et al. 1956) 
the cores are threaded on wires as shown in Fig. 5. Any core 
can be magnetized in either direction without serious effect on 


vertical selection wires 


read wire 


horizontal 
selection wires 


Fig. 5. Arrangement of cores in a matrix. 


the other cores by passing a current of 4/,, in the correct 
direction through the horizontal and vertical selection wires 
linking it. The selected core then has the required current 1s 
linking it, but no other core suffers a permanent effect as the 
maximum current linking any other core is 41. By this 
means information may therefore be written into the store. 
In order to read the information in a given core, currents 
of $/,, are again passed through the appropriate selection 
wires to magnetize it to the ‘0’ state (Fig. 4). This causes a 
pulse of voltage to be induced in the ‘read’ wire threading 
the core. The time integral of this pulse is proportional to 
the change in flux in the core. If the core is already in the ‘0’ 
state there will be very little flux change (a to c in Fig. 4), 
whilst if it is in the ‘1’ state there will be a much larger change 
(e to c). Thus from the presence or absence of a large 
output pulse on the read wire it is possible to determine 
whether a core is in the ‘1’ or ‘0’ state. It should be noted 
that in reading the state of a core by this method it is auto- 
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matically left in the ‘0’ state and therefore if it was original 
in the ‘1’ state steps will have to be taken to return it to the 
state by the appropriate write pulses. | 
When reading a selected core all other cores in the sam 
horizontal and vertical lines are linked by currents of 4 
and these non-selected cores will thus induce small sign 
(flux changes a to b or e to d) in the read wires. However. 
will be noted that the read wire is threaded in a diago 
manner through the array so that the signals from adjacé 
cores tend to cancel and so their sum is zero or negligible. | 
A finite time is required to switch a core from one state 
another. This time is decreased if the driving current 
increased or the size of core reduced. Using the type 
selection system outlined above it is obviously impossible | 
increase the driving current and with the smallest cor 
currently available in this country it is difficult to design 
system to give a complete read cycle time much less the 
2 ps. 
One possible solution of this difficulty is to use thi 
evaporated films of magnetic materials as storage elemen 
For example if a nickel-iron alloy (80% Ni 20% Fe) 
evaporated on to a heated glass substrate in the presence ! 
a magnetic field the films produced have rectangular hystere¢ 
loops in the direction of the magnetic field. It seems probabj 
that, using films of this type, cycle times of the order 
0-1 us should be possible (Hoffman et al. 1960). 4 
present one of the major difficulties is the reproducibility 
the films as very little tolerance can be allowed with ar 
matrix type of selection. 


5.3. A permanent store 


Another type of store which is required in a modern fal 
computer is one which contains a large amount of permane# 
or semi-permanent information and has a very rapid acce 
time. This type of store may in fact be regarded as part ¢ 
the logical system of the machine as it allows differer 
interconnections of the logical circuits to be accomplished. 

This requirement has been met by using the presence q 
absence of a rod of linear ferrite material to determine tH 
state of the store (Kilburn and Grimsdale 1960). Considd 
the arrangement shown in Fig. 6, which consists of man 


ferrite rod 
primary 

x drive 
wire fy 


2 i 
? 


tse 


wire T 
read read read read 
wire wire wire wire 
3 4 5 6 


Fig. 6. General arrangement of permanent store. 
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oo with their primaries connected in series to form 
rizontal drive wires and their secondaries connected to 
jm the vertical read wires. Each transformer represents 
digit storage site, the presence of a ferrite rod denoting the 
state and the absence of a rod the ‘0’ state. When a drive 
‘tlse is passed along a horizontal drive wire an e.m.f. will be 
duced in the read wires which have ferrite rods at the 
(propriate intersections. For example, pulsing drive wire T 
)Fig. 6 will produce outputs in read wires 3 and 6 but not 
‘iwires 4 and 5. 
7#The actual system that has been used has a capacity of 
10000 stored digits. It employs a woven mesh of tough 
aramel-covered wire, woven with wire of 33 s.w.g. and having 
proximately 18 meshes per inch. The drive wires are 
cmed by adjacent pairs of the warp and the read wires by 
wjacent pairs of weft as shown in Fig. 7. In this figure the 
wisitions A, B, C and D are information sites and ferrite rods 
jay be inserted in the mesh at these positions to represent 
yred digits. Such a rod is shown inserted at A. Similar 
ads are inserted in positions surrounding the storage sites. 
giese rods or keepers (K in the figure) are to provide paths 


| To 

. ee eho 

| (k) (kK) \ (k) 
eee et 
| I) / 
See eee 
| ®) ® | ® 
 _— 5 ee coh 
f C D . 


| D,, D,, drive wires 
R,, Ro, read wires 


Fig. 7. Woven mesh store. 


jr the return flux from the information rods. This improves 
je magnetic circuit of the transformer giving an increased 
yitage output and also eliminates undesired coupling 
stween adjacent information sites. 

‘The complete store with 200000 sites employs a sheet of 
‘oven mesh 54 in. by 8 ft which is folded back on itself to 
onomize in space and for a store of this size a typical access 
me is 0-1 ps. 

Tn an alternative version of the store there are 100000 digit 
tes all of which can be changed in about | minute. This is 
shieved by mounting the ferrite rods in plastic cylinders and 
‘owing them from one end of the tube to the other using a 
yw of air jets which travel along the length of the store. 
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6. Optical systems 


Two types of electro-optical devices are of interest in 
computer design, namely light sensitive and light producing 
devices. Normal photocells have long been used in optical 
tape readers, but in the last few years interest has grown in 
photoconductive and electroluminescent devices. 


6.1. Photoconductive devices 


The main drawback to the use of photoconductive devices 
of the cadmium sulphide type is their poor frequency response. 
For example it would be possible to build a fixed store 
consisting of horizontal drive wires and vertical read wires 
with a photoconductive connection at each intersection. The 
information would then be stored on punched cards in which 
a hole at the appropriate intersection would represent a ‘1’ 
digit. Then on illuminating the device through the punched 
card and pulsing a given drive wire, outputs would only be 
obtained on the desired read wires. 

The main difficulty of this system is the long access time 
due to the poor frequency response of the CdS. Another 
difficulty is the presence of cross-talk. This is due to the 
fact that unless the input impedance of the read wires are 
absolutely zero a voltage pulse will appear on them and 
because many junctions are illuminated they will produce 
voltages on other drive wires which will result in unwanted 
pulses on further read wires. 

However, a new type of photodiode based on the combina- 
tion of a photoconductor and an electret has been produced 
(Diemer and Van Santen 1960), and this removes the problem 
of cross-talk. The new element consists of a sprayed and 
sintered layer on which the necessary cross-bar conductors 
can be deposited and the photodiode connections formed at 
the interconnections by suitable processing. In the dark 
these interconnections then have a near infinite impedance 
but when illuminated have a diode characteristic. If now an 
a.c. signal is applied to a drive wire a rectified version appears 
on the desired read wires and cross-talk is eliminated as at 
least one of the junctions through which it must pass will be 
in the reverse direction. 


6.2. Electroluminescence 


The main use of electroluminescent devices would at 
present seem to be in the production of visual output devices 
or curve plotters. They can of course also be used in con- 
junction with photoconductive units to form two state 
devices although these would be slow in operation. 

A typical electroluminescent cell consists of a layer of 
suitable phosphor powder embedded in transparent insulating 
binder and sandwiched between two conducting electrodes at 
least one of which is transparent. When an alternating 
voltage is applied between the two electrodes light output is 
obtained from the phosphor. The light output from the cell 
is a function of both the frequency and the amplitude of the 
applied voltage. At constant frequency the light output is 
governed by the expression 


Integrated light output B= a exp (—b/V'/*) 


where a and b are constants and V is the amplitude of the 
applied voltage. 

A graphical output display panel consists of an electro- 
luminescent layer with a series of horizontal electrodes on 
one side and vertical electrodes on the other (Kilburn 1957). 
This matrix or cross-bar system enables any spot on the panel 
to be brightened by applying a voltage between the appro- 
priate pair of electrodes. 
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Fig. 8. 


Graphical output panel. 


A typical small panel employing 128 by 128 conductors is 
shown in Fig. 8 (Kilburn ef al. 1958). 

One of the main advantages of this method of curve 
plotting compared with normal cathode-ray tube methods is 
its accuracy and reproducibility since the spot selection is still 
digital and the matrix has a fixed geometry. 

In selecting a spot on the panel voltages of opposite sign 
are applied to the appropriate conductors. The selected 


Fig. 9. Curve plot using graphical output panel. 
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intersection thus receives the desired voltage but all oth 
points on the same horizontal and vertical rows receive hy 
voltage and thus tend to emit light. However, it 1s eas 
shown from the expression governing the brightness that ti 
ratio of brightness of the selected spot to the others 
exp {b(\/2 — 1)/V} where V is the voltage at the selectl 
intersection. With an improved method of biasing t 
matrix it is possible to obtain a voltage discrimination ra} 
of three and hence a brightness discrimination ratio 
exp {b(4/3 — 1)/V} between the selected spot and ti 
background. 

Using typical values, which would enable a 1000 pox 
graph to be plotted and photographed in 20 seconds, tll 
ratio is 80000 and therefore the background illumination) 
negligible. A photograph of a typical curve plot is shown} 
Fig. 9 (Jeffreys 1960, unpublished). 

An electroluminescent panel can also be used as part of # 
input system or permanent store in that it can be used for ty 
scanning of punched cards. In such a system it would | 
used in conjunction with a single photosensitive device sul 
as a photomultiplier and the selection of the required inforny 
tion would be performed with the panel rather than by usij 
individual light detectors. 


7. Superconducting systems 


In 1911 Kamerlingh-Onnes discovered that if mercury | 
cooled in a magnetic field the temperature for transition 
the superconducting state depends on the magnitude of tj 
magnetic field, being lower the greater the magnetic fie 
This behaviour is similar to that for all superconductiy} 
metals and thus a strip of material may be switched fr 
superconducting to normal by applying a sufficient magne 
field. ‘This may be achieved by applying an external fiell 
by means of a current in a coil or in a wire running parall 
to the strip or by passing a current through the strip itself. 

This phenomenon was first demonstrated as feasible fi 
use in a computer element by the development of a switchixj 
device called the cryotron (Buck 1956). This device consis 
of a fine wire passing through the centre of a coil, but insulat 
from it. Both the coil and wire are of superconductis) 
materials and the current in the coil is used to switch the wi 
to the resistive state. 

Provided the device has a gain greater than unity, that 7 
the current the wire can carry without losing its sup 
conductivity is greater than that required in the coil to retu 
the wire to its resistive state, one unit can be used to provi 
the control current for other units. 

Several interesting circuits were developed using the: 
types of cryotron but they suffer from the basic disadvanta 
that the speed of operation of the wire-wound cryotron 
low, being of the order of a few kilocycles per second, owi 
to the inductive time constant of the device. | 

Cryotrons have since been produced by vacuum evaporé 
tion techniques with switching times less than 0-1 H 
(Smallman et al. 1960). 

In these thin film cryotrons the wire to be switched 
replaced by a thin film of tin whilst the coil is replaced by a 
evaporated strip of lead across the tin. The lead, which he 
a higher critical temperature than the tin, is insulated from | 
by an evaporated insulating film, and a current in the lead 
used to control the state of the tin film. This type of cor 
struction allows compact circuits to be produced: for examplt 
the circuit of a five-stage flip-flop ring oscillator employint 


ten cryotrons was produced on a substrate measurid 
1 in. by 2 in. 


VoL. 12, May 1961 


yAn alternative method of utilizing superconducting 
}pperties is to set up a persistent current in a loop in order 
istore a digit. Because of the zero resistance this current 
} 1 continue to flow indefinitely and the direction of the flow 
1 be used to indicate a ‘0’ or ‘1’ state. The current in the 
(yp can be altered by means of a drive wire linked inductively 
\’h the superconducting circuit, but unless the current in the 
cuit is raised above the critical value, so that super- 
jaductivity is destroyed, the final current in the loop cannot 
) effected by a drive pulse which returns to its initial level. 
‘|s therefore possible to use a matrix type of selection system 
which the required critical current is supplied by two drive 
jes coupled to the loop. A read wire also coupled to the 
yp will detect any change of current in, and therefore flux 
s,ough, the loop. 

2'n suggested elements of this type the storage units are 
duced by evaporation and the various write and read 
j cuits are also insulated evaporated strips lying over the 
#rage loop (Crowe 1957, Crittenden et al. 1960). 

This type of construction would allow an extremely compact 
/re with short access time to be produced. At present the 
wficulty is to obtain sufficiently reproducible evaporated 
ins to enable a large matrix to be constructed. It seems 
liobable that the small quantities of gas occluded during the 
(iporation of a film may affect its superconducting properties 
jd this indicates the importance of the degree of vacuum 
jtained during the evaporation. 

alt is considered feasible that using these types of evaporated 
= rage elements it should be possible to produce a store with 
“capacity of 107 digits with an access time of less than 
‘us in a cube of 40 cm sides. 

iThere is of course the problem of keeping the elements cold, 
whenever a storage loop becomes resistive power is 
susipated. In a store of the type envisaged above, the 


— 


doeated switching of a single storage loop at 20 Mc/s would 
‘sult in a dissipation of the order of 2 x 10~!* watt, corre- 
fonding to the evaporation of 2cm? of liquid helium per 
cur. 


8. Conclusion 


Various types of storage systems have been described 
‘pending for their action on different physical principles. 
‘The systems embodying superconductive elements and 
“aporated magnetic films at present seem to offer most scope 
9: development. With both these types of system it seems 
“isible that large storage units could be produced with access 
‘aes much shorter than any other type of store. 

However, when one considers the many and varied physical 


a 
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phenomena which have already been applied to the pro- 
duction of computer elements in just over a decade it would 
not be surprising if in the course of a few years new types of 
systems are developed depending for their action on other 
physical properties. 
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Abstract 


Cathodes of sintered nickel and barium oxide have been 
used as ion sources in simple mass spectrometers and have 
been found to emit negative ions of atomic oxygen for at 
least 24 hours during their activation at 1250-1350° k. 
The evidence suggests that the oxygen is produced by the 
dissociation of barium oxide and is removed from the 
cathode by positive ion bombardment. At voltages greater 
than the ionization potentials of the residual gases, the 
variation of the oxygen ion current I with time t could be 
expressed as the sum of two exponentially decreasing 
terms: I =a exp (—pt) + b exp (—qt), where p and q 
were of the order of 2 and 0-2 per hour respectively. 
Similar results have been obtained with a commercial 
cathode containing triple carbonates. There appear to 
be two processes operating in parallel, corresponding to 
the two terms of the equation. It is postulated that the 
first process is the diffusion of oxygen through the bulk of 
the crystals to the nickel part of the cathode’s surface, 
and its removal from there by bombardment with positive 
ions of oxygen and nitrogen. The second process is the 
diffusion of oxygen through the pores of the cathode, and 
its removal from the ends of the pores by bombardment 
with positive ions of barium as well as of the residual gases. 
The first process has the slower rate of replacement of 
oxygen and in an hour or two this process is insignificant 
compared with the second one. If the cathode’s surface 
is temporarily poisoned with oxygen from an external 
source then it rids itself of the extra oxygen within a few 
seconds. 


1. Introduction 


ATHODES made from a mixture of alkaline earth car- 

bonates with powdered nickel are known as barium— 

nickel dispenser cathodes (Balas et al. 1955, Beck 
et al. 1954, Fane 1958, Macnair et al. 1953, Richardson 1957, 
Richardson and Vick 1960). The mixture is first pressed 
into a pellet, then heated in vacuo or in hydrogen to decompose 
the carbonates and to sinter the metal. At first the cathode 
does not give a sufficiently high emission current of electrons, 
but it can be made to do so by means of the activation treat- 
ment, which consists of drawing current from it for a few 
hours. The active cathode appears to consist of alkaline 
earth oxide grains within a metal matrix, whose work function 
has been reduced by at least a partial covering of barium 
(Fane 1958). The activation process presumably causes 
electron donors to form in the oxide lattice and barium atoms 
to diffuse over the metal matrix. The rates of diffusion and 
evaporation of barium and barium oxide have already been 
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studied (Richardson and Vick 1960), and the rate of evoluti#: 
of negative oxygen ions is described below. | 


2. Apparatus 


The cathodes were made from only one alkaline earth oxi 
in order to keep the dispensing system as simple as possib 
although in consequence they gave an average electr 
emission of only 50 ma/cm*. They were made to Richaril 
son’s (1957) specification of 69:9% by weight of nick} 
powder of 4-5 ,z diameter (containing 0-1% carbon, 0-02 
iron, 0-001% sulphur), 30% barium carbonate, and 0-1 
silicon. Samples of 0-45 g of the mixture were pressed in 
disks 0-1 cm thick which closed one end of O-nickel tub} 
of 0:5 cm internal diameter. A batch of ten cathodes wy 
made at approximately the same pressure with a fly pre 
and a batch of sixteen was made by Dr. J. F. Richards 
with a hydraulic press at Metropolitan-Vickers Electrical C 
Ltd. The cathodes were kept in a desiccator until they we} 
used. 

Each cathode in turn was made the ion source of one 4 
three small mass spectrometers. Two of the instrumen| 
(types MS8 and MS9) could distinguish negative ions | 
masses up to 45 with a resolving power of about a hundre 
The third (type MS10) had much wider entrance and ¢é 
slits and deflection chamber, so it had only half the ran 
and resolving power of the other two, but double the bea: 
current. The negative ions emitted from the cathode we 
accelerated by the modulator and anode of a simple electr 
gun, then selected by a magnetic analyser and detected by 
d.c. amplifier at the collector (Fig. 1). Under typical operati 
conditions only 2 x 10~7 of the electron current from 


Fig. 1. Block diagram of mass spectrometer, showing fringing 

field of magnet. K, cathode; M, modulator; A, anode; E, 

exit slit; S, screen; C, collector; P, mild-steel pole piece; 

W, winding on yoke of magnet. Dotted lines show fringing 

field as a percentage of the field strength between the centres 
of the pole pieces. 
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wathode reached the collectors of MS8 and MS9, but it was 
/ stimated that perhaps 10~> of the negative ion current would 
teach the collectors, because the ions would be deviated less 
jan the electrons by the wide fringing field of the electro- 
Hiagnet. The mass spectrometers had glass envelopes, so 
) aat they could be outgassed by baking, and they have been 
‘,escribed more fully elsewhere (Surplice 1960). 
» Each mass spectrometer was evacuated by a mercury 
» iffusion pump, through a liquid air trap. It was first baked 
or an hour and its electrodes were eddy-current heated to 
-2dness. The barium carbonate was converted to oxide by 
»radually increasing the cathode temperature from 600- 
*/200° k over three hours, and then the cathode was sintered 
or twenty minutes at 1300°k. The whole instrument was 
yaked at 400° c for at least twelve hours. Finally, the 
athode was kept at 1200° k while the other electrodes were 
- ddy-current heated again, and then the pumping tube was 
» 2aled off and barium getters were fired. Throughout these 
/ perations the pressure was too low to be recorded by a 
| ‘enning gauge so may be assumed to have been well below 
0-> mm Hg during breakdown and better than 10~° mm Hg 
yhen the getters had been fired. The cathode temperature 
jyas measured with a tungsten—nickel thermocouple with its 
jot junction on the upper rim of the nickel tube that con- 
yained the cathode pellet. The cathodes of the first batch 
»re referred to by the letters A-J, and those of the second 
lach by K-Z, so cathode 8A means cathode A in the mass 
pectrometer MS8. 


| 


3. Results 


The mass spectrum 


i Each cathode was activated by drawing electron current 
‘rom it, usually at 1250°x. The mass spectrum of the 
/ egative ions emitted by it during this process was studied 
t frequent intervals, and a typical example is shown in Fig. 2. 


Scale of m/e 
26 Bi 


Current to collector (Axio) 


Magnet current (A) 
Fig. 2. The mass spectrum. 


ions emitted by all cathodes. 
ions emitted by only a few cathodes. 


‘Atomic oxygen and chlorine negative ions were present in 
“he mass spectra of all cathodes. The peak currents to the 
ollector when it was a few volts positive with respect to the 
-athode were of the order of 10~!2 4 of atomic oxygen and 
0-3 of chlorine. The mass spectra of several cathodes 
howed a small peak of about 3 x 10~!4. of an ion of mass 
umber 26, but only one showed the molecular oxygen 
on *2O- and only one other showed oxides of carbon 
8CO- and “CO,-. The heights of the ion current peaks 
vere proportional to their areas and were therefore a satis- 
‘actory measure of the ion current. 

| In some of the experiments with tube MS8 the chlorine ion 
currents were increased thirty-fold by putting a spot of 
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lithium chloride solution on to the electron gun, and the 
chlorine ions were then used to calibrate the mass spectrum. 
Another peak of about 5 x 10~!4 4 of !9F~ appeared with 
the increased chlorine peaks and presumably came from a 
fluoride impurity in the lithium chloride, but no negative 
ions of lithium were seen. The source of the original chlorine 
ions has been shown to be a chloride flux used in the manu- 
facture of the glass envelope of the mass spectrometer 
(Hamaker et al. 1947, Vick and Walley 1954). The ion of 
mass number 26 was probably acetylene, which had been 
produced by a carbide reacting with water vapour. The 
carbide might have come either from the ‘Kemet’ K.I.C. 
getters or from the reaction of barium with the carbonyl 
nickel powder in the cathode. Small peaks of the ions !2C~ 
and '3CH~ appeared in the mass spectrum after experiments 
on poisoning, owing to the method of poisoning the cathode 
(Surplice 1960). 

A special cathode of nickel powder was used to make sure 
that the source of the oxygen was the barium oxide, rather 
than an adsorbed layer of oxygen on the nickel. This 
cathode was made in the same way as all the others, except 
for the omission of barium carbonate, and it was taken 
through precisely the same procedure of heating from 600— 
1200° k, baking the tube and sintering at 1300°k. It was 
also activated in the same way, but although for a few hours 
its electron emission was comparable with that of the others 
it showed no trace at all of oxygen negative ion emission, 
either at 1250°K or 1350°k. The electron emission was 
presumably an effect of the impurities in the nickel powder; 
it began as 6ma at 1250°k and 250 v, but fell to 3 ma in 
24 hours. This electron emission was adequate to ionize 
the residual gas around the cathode, and there would have 
been no lack of positive ions to strip any adsorbed layer of 
oxygen off the nickel. 


The energies of the ions 


The energy distribution of each type of ion was found by 
measuring its current to the collector against a series of 


lon current (a x io) 


0 fi ' 
d5 -10 => 0 P 5 10 15 
Retarding potential CV) 

The energy distribution for various ions. 
160 - 
See eee 
19R- 
electrons 


Fig. 3. 
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retarding potentials. As the retarding potential was increased 
to allow only ions of high energy and momentum to be 
collected, so the magnetic field was similarly increased to 
keep the ion beam focused on the exit slit. Some examples 
of the energy distributions for various ions are shown in 
Figs 3 and 4. In Figs 3 and 4 the point p, where the energy 


re 


> 


=| 
Oxygen ion current (ax10 S) 
n 


(volts) 


Fig. 4. Change of oxygen ion current with time (cathode 8B). 
Numbers on curves refer to time in minutes after the beginning 
of activation. 


Retarding potential 


distribution of the electrons cuts the abscissa, represents i} 
contact potential difference between the surface of the catha} 
and the nickel collector. The parts of the curves to @i 
left of p represent ions that were given extra energy by bei 
sputtered off the cathode by positive ion bombardment. Tj} 
parts of the curves to the right of p represent ions that 
been formed in the residual gas between the cathode and ff 
rest of the electron gun. The point where the retardif | 
potential was zero had no particular significance for tha} 
cathodes, because their surface was an intimate mixture } 
nickel and barium oxide. 

More than half the atomic oxygen ions were sputtered fr 
each cathode: but only about 3% of the molecular oxyg 
ions were sputtered from the only cathode that emitted the 
at all. About 15% of the fluorine ions, but only a few of t 
chlorine ions, were sputtered from the cathode. The curre: 
of the other ions were either too small or too transient to | 
studied in detail. It was clear that atomic oxygen was t 
most important negative ion emitted by the cathodes and ; 
emission was therefore studied in some detail. Partic 
attention was paid to the oxygen ions that were emitt« 
directly by the cathodes, rather than formed in the g 
around them. 


Changes in the oxygen ion current 


During the activation of cathodes 8A, 8B and 8D, thre 
similar series of curves were obtained of the energy distr) 
bution of the atomic oxygen ions. The most complete serif 
of curves was for cathode 8B and it is shown in Fig. 4. Th 
most rapid changes in the ion current occurred during tl 
first hour. 


emitted by three cathodes 8B, 8C and 8F, is plotted again} 
the time since their activation was begun. The correspondini 


0 2 4 


Electron emission (mA) 


6 8 10 


Time Chours) 


Fig. 5. 


Change of oxygen ion and electron currents during activation. 


— X — oxygen ion current; F, electron current for cathode 8F at 1250° x. 
—e— oxygen ion current; C, electron current for cathode 8C at 1350° k. 
—Ow— oxygen ion current; B, electron current for cathode 8B at 1250° x. 


(The ion current for 8B is scaled down by a factor of 10); the two components of 
the ion current from 8B are shown by dotted lines. 
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\Jhanges in electron current are also shown on the graph. 
‘he ion current fell while the electron current rose, and it 
ontinued to fall even after the electron current had become 
ready. In each experiment there was an unavoidable delay 
f a few minutes between the start of activation and first 
4ieasurement of the oxygen ion current, and there may have 
een some rise of oxygen ion current during that interval. 
‘athode 8C showed such an initial rise of ion current for 
4/6 minutes, and another cathode 9L showed a similar rise 
jor 8 minutes. 

) The variation of the oxygen ion current J with time 1 
ould be expressed as the sum of two exponentially decreasing 
gomponents, as in Eqn (1) 

I = aexp (— pt) + bexp( — qé). (1) 
w/a the equation a is greater than b, and p is greater than gq, 
#0 that the first term is the more important when ¢ is small, 
ji the second term is dominant when f is large. The exponent 
a) decreased by about 10% in 24 hours, and it also seemed to 
“crease with the temperature of activation as shown in 
‘able 1. The results for the first term were obtained from 


= 


Table 1. Results for cathodes 8B, 8C, 8F 


Wethode Temperature Parameters for Eqn (1) 
make 


a(x10—-144) p(per hour) b(x10-14 a) q (per hour) 
a 1250 7 1-3 5 0-23 
‘8B 1300 300 Ibo 210 ows) 
ie 1350 11 ileal 3 0-29 


‘i ig. 5S by subtracting the second term graphically from the 
| otal ion current, as shown for the curve for cathode 8B; 
> onsequently the results are less reliable for a and p than 
yr b and g. Similar results were obtained with two nickel 
inatrix cathodes containing triple carbonates, which were 
applied by Dr. R. W. Fane of the English Electric Vacuum 
“.esearch Unit. 

» As a working hypothesis it was assumed that the two 
rms of Eqn (1) represented two sources of emission of 
xygen ions, and some experiments were devised to test this 
“ ypothesis. An attempt to measure how q varied with the 
*:mperature of a particular cathode did not give consistent 
sults, because the cathode had to be run for so long before 
was known with sufficient accuracy that other factors, 
ach as changes in the concentration gradient of oxygen, 
-ad affected it more than the temperature. However, the 
ixperiment did show that both terms of Eqn (1) were 
a when the temperature was raised. 


Recovery from poisoning 


] 
7 
' Three cathodes were aged until the second term of Eqn (1) 
ras dominant. Each was poisoned with oxygen by heating 


‘pectrometer, and its recovery from poisoning was studied. 
‘he cathodes were repeatedly poisoned and allowed to 
scover at temperatures from 900 to 1300°k, modulator 
oltages 0-250 v, and degrees of poisoning from 10 to 90% 
aduction of electron emission. On recovery from poisoning, 
t temperatures below 900° k, the instrument was not sen- 
itive enough to detect any oxygen ion emission. The 
athodes always regained their original electron emission in 
' few minutes, and emitted a current of negative ions of 
‘tomic oxygen. The ion current decreased by a factor of 
i in 3 or 4 seconds, which was more than a thousand times 
aster than it had decreased during activation. The ion 
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current was measured with the d.c. amplifier which drove a 
galvanometer of period 5-5 seconds, and such rapid changes 
could not be followed nor could any differences be detected 
that might have been caused by different conditions of 
poisoning. The mass spectrometer needed its anode voltage 
of 600 v left on throughout the experiments, so these results 
cannot be compared in detail with Richardson’s (1957), which 
were performed at 8 v, but they confirm his general con- 
clusions. Richardson’s results for recovery from sulphur 
poisoning were similarly confirmed with two other cathodes; 
the recovery was similar to recovery from oxygen poisoning, 
but the current of negative ions (2S~) was smaller. The 
energy distribution of the oxygen ions just after recovery was 
the same as it had been just before poisoning, as shown in 
Fig. 6. 


The effect of the modulator voltage 


In the experiments on activation the modulator had been 
kept at 250 Vv positive with respect to the cathode. The 
modulator was 0-2 cm from the cathode and had a hole in 
it of only 0-1 cm diameter. It screened the cathode so effec- 
tively from the anode that it collected 99-8 % of the electron 
current, and the activation of the cathode seemed to be 
unaffected by switching the anode voltage on and off. How- 
ever, during the experiments on oxygen poisoning the 
modulator voltage was found to affect the energy distribution 
of the oxygen ions. This is illustrated by Fig. 6, which shows 


Oxygen ion current (ax \5') 


Retarding potential (volts) 


Fig. 6. Changes in energy distribution of oxygen ions: 


cathode 8D, V; = 250 v. 

——— cathode 8D, V; = 10v; + before poisoning, O after 
poisoning. 

- cathode 8F, Vy; 

cathode 8F, Vy; = 


lOve 
20 v. 


how a decrease in the modulator voltage from 250 v to 10 v 
decreased the proportion of high energy ions to low energy 
ions, and also the maximum energy of the ions. The precise 
maximum energy was uncertain, both because the ion current 
did not cut off sharply there, and because decreasing the 
modulator voltage decreased all the ion current, and so the 
current at the highest energy might have been undetected. 
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However, this result suggested that a study of the effect of 
the modulator voltage would give information about the 
type of positive ions that bombarded the cathode, and five 
cathodes were therefore activated at various values of 
modulator voltage. 

When the potential difference V,; between the modulator 
and the cathode was low the whole of the variation with time 
of the sputtered current of oxygen ions was described ade- 
quately by the second term of Eqn (1), but when V; was high 
the complete equation was needed to describe the variation. 
The activation of one cathode was successfully accomplished 
with V, = 10 v, but another cathode tested with V; = 4Vv 
gave only a few microamperes of electron emission after three 
hours of activation. For both cathodes V; was raised to 
100 v after three hours of activation and this caused an 
immediate increase in the emission of both electrons and 
oxygen ions. The electron emission did not continue to rise 
for the first cathode, but it did for the second one until it 
reached 7 ma after three more hours. The oxygen ion 
emission, which had previously been described by the second 
term of Eqn (1), fell rapidly after its sudden rise and continued 
to fall in the manner described by the complete equation. 
The third cathode was activated with V, alternately at 250 v 
and at 0 v for periods of thirty minutes at a time. The oxygen 
ion current fell rapidly like the first term of Eqn (1) when 
V, = 250 v, and slowly like the second term of the equation 
when V, =0. Experiments with the two other cathodes 
showed that the oxygen ion current could be made to fall 
alternately rapidly and slowly by changing the modulator 
voltage between 15 v and 10 v. During the early stages of 
the activation of one of them the same effect was produced 
by switching V, between 13-75 v and 13-15 v, although later 
on 15 v was needed to restore the rapid fall of ion current. 
Changes of V; above 10 v had no perceptible effect on the 
change of oxygen ion emission described by the second term 
of Eqn (1). When V; was kept at 4 v the oxygen ion current 
was only just detectable and it was not certain what effect, 
if any, it had on the rate of change of the oxygen current. 


The effect of the cathode’s porosity 


The second batch of cathodes had been prepared from a 
similar mixture and had been formed at various known 
pressures in a hydraulic press. This batch was studied at 
1300° k and V; = 250 v, to discover whether either exponent 
p or q of Eqn (1) depended on the porosity of the cathode. 
After its activation each cathode pellet was removed from 
the mass spectrometer and its sintered porosity was calculated 
from its density. The parameters for Eqn (1) that fit the 
experimental results for each cathode are shown in Table 2. 


Table 2. The effect of porosity 
Cathode sr rd eh oe a(x 10-14 a) Pp (per Piabsirisge! fo tos A) q (per hour) 
9K 170 10 70 1S: 17 0-06 
9L 170 10 100 1-9 31 0-05 
9M 100 (295) 128 4-3 154 O28 
oN 100 Ss} ‘ 60 0-11 
90 50 17 110 1-9 76 0225 
9P 50 17 48 2°3 40 0°22 
10R 10 2195 30 6:3 16 0-25 
10U 4 33 50 Dex 13 0-22 
* Results not obtained because of temporary fault in apparatus. 
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The amount of oxygen emitted did not seem to depend - 
the porosity, but its rate of supply did. The exponent q w 
reproducible for pairs of cathodes formed at the saj 
pressure, and for cathodes formed at high pressures q W 
approximately inversely proportional to the porosity. Cathe 
pellets formed at low pressures were so fragile that th 
usually split or flaked to pieces during the experiment, ab 
that is why there is only one result for 10 ton/in? and on 
one result for a lower pressure. 


4. Discussion 


The primary source of the oxygen ions was the dissociatili 
of barium oxide. Even when all other conditions w« 
favourable for them they did not appear unless the cathoj 
contained barium oxide, and therefore they were not form) 
from the residual gas in the mass spectrometer. Their ene 
distribution showed that they were removed from the cathoj 
by positive ion bombardment, and the way in which th¢ 
current decreased showed that they came from two secondag 
sources, which were responsible for the two terms in Eqn 
and will be referred to as sources P and Q. The experimen 
on the effect of changing the potential difference betweé 
the modulator and the cathode showed that negative ions | 
oxygen were removed from Q at fairly low voltages, bf 
were not removed from P until the potential difference w 
at least 13-75 v and generally not until it was 1S v. Tha 
was only about 0-5 v contact potential difference betwej 
cathode and modulator, presumably because barium oxil 
had evaporated from cathode to modulator during the hq 
treatment of the cathode. The result suggests that P had} 
high work function and a high adsorption energy for oxygé 
whereas Q had low values of these energies. | 

It is suggested as a hypothesis that source Q is oxygen ¢ 
the barium oxide at the ends of the pores in the cathode, a 
source P is oxygen on nickel remote from the ends of t 
pores. Both P and Q are initially supplied with oxygen | 
the dissociation of some barium oxide during the he 
treatment of the cathode. When activation is begun at 
high enough voltage then the electrons emitted by the catho} 
ionize the residual gas by collision and the positive ions 
formed bombard the cathode with sufficient energy 
remove oxygen as negative ions from both P and Q. A roug 
calculation shows that 10~° of electrons could have pri 
duced sufficient positive ions inthe residual gas to sputt} 
the observed current of negative ions from the cathode, | 
0-1% of the cathode were covered with oxygen. A simi 
supply of positive ions could have been provided gif 107 
of barium atoms had evaporated each second. The resui 
of experiments on poisoning showed that sufficient positil 


t 
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ns were formed to remove the oxygen very rapidly from the 
| thode, even when the electron emission current was quite 
hall. 

| During recovery from poisoning the current of oxygen fell 
\ry rapidly because the oxygen that was removed from the 
\thode was not replaced. During activation the current of 
4cygen ions fell comparatively slowly because fresh oxygen 
jas continuously being supplied by the dissociation of 
‘wium oxide. The fall in the oxygen ion current continued 
jr at least 24 hours and so showed that the oxygen was 
-)ing replaced less rapidly as time went by. Since the current 
» oxygen ions fell less rapidly from source Q than from 
i P, it follows that it was easier for fresh oxygen to 
‘ach Q than to reach P. The rate of fall of the current from 
# increased with the porosity of the cathode, but that from 
}did not, showing that Q was supplied through the pores, 
tit P was not. This result agrees with the hypothesis that Q 
jas at the ends of the pores, but P was remote from them. 
kygen probably reached Q by Knudsen flow through the 
res, but reached P by surface diffusion over the crystals. 


Acknowledgments 


1 The author thanks Prof. F. A. Vick and Prof. D. J. E. 
1 gram for laboratory facilities during 1959 and 1960 respec- 


= Oe 2 ee ow a ee i 


/ VoL. 12, May 1961 


219 


tively, Dr. J. F. Richardson and Dr. R. W. Fane for the gift 
of materials; he also thanks them, and his colleagues, for 
discussion of this work. 


References 
BALAS, W., Dempsey, J., and REVER, E. F., 1955, J. Appl. 
Phys., 26, 1163. 


BEck, A. H., BRISBANE, A. D., CUTTING, A. D., and KING, G., 
1954, Vide, Paris, 9, 302. 


FAng, R. W., 1958, Brit. J. Appl. Phys., 9, 149. 


HaMAKER, H. C., BRUINING, H., and ATEN, A. H. W., 1947, 
Philips Res. Rep., 2, 171. 


Macnarr, D., LyNcu, R. T., and HANNaAy, N. B., 1953, 
J. Appl. Phys., 24, 1335. 


RICHARDSON, J. F., 1957, Brit. J. Appl. Phys., 8, 361. 


RICHARDSON, J. F., and Vick, F. A., 1960, Brit. J. Appl. 
Phys At 73: 


Suretice, N. A., 1960, Brit. J. Appl. Phys., 11, 430. 


Vick, F. A., and WALLEY, C. A., 1954, Proc. Phys. Soc. B, 67, 
169. 


BRITISH JOURNAL OF APPLIED PHYSICS 


Emission of negative ions of oxygen from dispenser catho } 
Part 2.—Cathodes of barium aluminate in sintered tungsten | 


by N. A. SURPLICE, B.Sc., Ph.D., A.Inst.P., Physics Department, University College of North Staffordshire, Keele, Sta 


MS. received 14th November 1960 


Abstract 


A cathode of sintered tungsten impregnated with barium 
aluminate has been studied in a simple mass spectrometer 
and has been found to emit negative ions of oxygen. 
About 90% of the oxygen ions were in the atomic form 
and 10% in the molecular form. The experiments have 
shown that the ions come from an adsorbed layer of 
oxygen on the tungsten matrix, from which they are 
removed by bombardment with positive ions, chiefly of 
nitrogen. Similar results were obtained with a tungsten 
matrix without any impregnant. 


1. Introduction 


a porous tungsten matrix impregnated with barium 

aluminate (and sometimes a little calcium oxide), 
rather than with the mixture of barium and strontium oxides 
that is used in the ordinary oxide-coated cathode. It has been 
described in detail by Levi (1953, 1955, 1957/58). Both its 
mechanism of operation and the rate at which barium 
evaporates from it have been studied by Rittner ef al. (1957, 
1958) and by Brodie et al. (1957, 1959). The barium is 
generated by a chemical reaction between the impregnant 
and the matrix, then diffuses over the tungsten and thus 
reduces its work function. The evolution of oxygen is not 
an essential part of the cathode’s mechanism. However, the 
tungsten would be expected to be covered with a chemisorbed 
layer of oxygen from the atmosphere, and the experiments 
described below show that some of the oxygen is removed as 
negative ions when the cathode is in use. 


Ale impregnated type of dispenser cathode consists of 


2. Apparatus 


The barium aluminate impregnated cathode was supplied 
by Dr. A. G. Mitchell of the English Electric Valve Co., and 
a similar tungsten cylinder without any impregnant was 
supplied later on request. The cathode was in the form of a 
cylinder 0-63 cm long open at both ends, it was of 0:55 cm 
external diameter and 0-43 cm internal diameter, and the 
tungsten matrix was 25% porous. The apparatus that was 
used to study it has already been described in Part 1 of this 
paper (Surplice 1961). 

The cathode was made the ion source of the mass spectro- 
meter and its temperature was measured with a tungsten— 
nickel thermocouple welded to its outer surface. The mass 
spectrometer was outgassed at 400° c for 18 hours. The 
cathode was kept at 1250° k while the electron gun was eddy- 
current heated and while the instrument was sealed off and 
gettered. 

The tungsten cylinder was studied both with the ordinary 
mass spectrometer and with a modified one. In the modified 
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instrument a small oxide-coated cathode was mounted ik 
side tube on the glass envelope, so that it was clear of | 
electron gun, but could emit a current of electrons to | 
anode and thus ionize the residual gas there. 


3. Results 


The mass spectrum 


The mass spectrum of the impregnated cathode contaiy 
negative ions of chlorine and oxygen. The peak ion curré 
to the collector, when it was a few volts positive with resjf 


the retarding potential method (Fig. 1). The results show 


\ 


=15 
lon current (4x10) 


=29) -20 -10 0 10 
Retarding potential (volts) 


Fig. 1. Energy distributions: 


( 16Q- | 
ion from impregnated cathode 4 — +++. 2Q- 

{[------ 35C]- 
from cold tungsten cylinder —-+-— 16Q- 
from hot tungsten cylinder — — 160- 


that more than half of the atomic and of the molecular : 
of oxygen were sputtered off the cathode, but no chlor 
ions had been emitted directly from the cathode. The chlor 
probably came either from the glass or from acciden 
handling of the cathode. The energy distributions did 
show any systematic changes with time. 
The tungsten matrix without the impregnant could not 
heated sufficiently to make it emit electrons, and it shov 
no negative ion emission in the ordinary mass spectromet 
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| 
/ owever, when it was put in the modified instrument and the 
|1xiliary cathode was used to ionize the residual gas, then the 
|, ass spectrum was qualitatively similar to that of the impreg- 
ited cathode. The current of molecular oxygen ions was 
4 naller from the tunsten matrix than from the impregnated 
\\thode. Atomic oxygen ions of high energy appeared even 
hen the tungsten was cold, but twice as many appeared 
hen it was hot, so they probably came half from the tungsten 
‘iad half from the auxiliary oxide-coated cathode. 
)| After the experiments, the cathode was found to be pitted 
41 the side opposite the 1 mm x 3 mm slot in the modulator, 
ihich suggested that it had been struck by high-energy 
/sitive ions from the anode. 


| 


Changes in the atomic oxygen ion current. 


The part of the atomic oxygen ion current that was sputtered 
jom the cathode changed with time in a manner that depended 
ay on the potentials of the modulator and anode of 
seelectron gun. It fell rapidly unless the modulator potential 
»as less than 15 v positive to the cathode and the anode 
spltage of 700 v was switched off. The current of oxygen 
ff sputtered from the tungsten matrix fell in a similar 
inte as shown in Fig. 2. 


The current was not any 
nple function of time. 


a 
1‘ 


i 
i 
| 
i 
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Oxygen ion current(axid 
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| Time Chours) 

“g. 2. Changes of oxygen ion current when voltage was left on: 
i C, G: Va = 580 v, Vy = 250. 
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‘i from impregnated cathode 
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‘jos from tungsten cylinder 
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Fig. 3. Changes of oxygen ion current when anode voltage 
was left off: 
C, impregnated cathode, W, tungsten cylinder. 
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EMISSION OF NEGATIVE IONS OF OXYGEN FROM DISPENSER CATHODES 


Both the impregnated cathode and the tungsten matrix 
were studied with the modulator voltage at selected values 
near the ionization potentials of the residual gas, and the 
anode voltage switched off except when measuring the ion 
current. The oxygen ion current fell only slowly while the 
modulator voltage V,, was increased step by step past the 
ionization potentials of barium (5-2 v), oxygen (13-6 v) and 
oxides of carbon (14-1 and 14-4 vy) but it fell rapidly when 
Vi, was raised above the ionization potential of nitrogen 
(14:55 v). These results are shown in Fig. 3. 


4. Discussion 


The source of the oxygen ions seems to have been a chemi- 
sorbed layer of oxygen on the tungsten, which was sputtered 
off mainly by nitrogen positive ions. Since 6:5 ev would be 
enough to remove the adsorbed oxygen, and 4:5 ev enough 
to give it an electron from the tungsten, it was surprising that 
it was not removed by oxygen (which would have been 
ionized when there was 13-6 v between the modulator and 
cathode, and have reached the cathode from the region of 
the modulator with a maximum energy of 13-6ev). The 
oxygen appears to have been on tungsten, not on barium-on- 
tungsten in the impregnated cathode, as otherwise the effect 
of the modulator voltage would have been apparent at a 
lower voltage for the impregnated cathode than for the 
unimpregnated tungsten. Although the auxiliary oxide- 
coated cathode would also emit oxygen ions from the con- 
tinual dissociation of barium oxide, its ions would only 
account for the ones detected when the tungsten cylinder was 
cold, and not when it was hot. 
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Abstract 


The self-heating and _ self-ignition of fibre insulating 
board and similar materials are discussed in the light of 
the well-known theory of thermal explosion. It is pointed 
out that the simple theory for a single reaction neglecting 
reactant loss during the induction period is inadequate for 
the interpretation of all the data published by Mitchell 
(1951). In the case of wood fibre insulating board it is 
suggested that the reaction leading to significant increases 
in temperature at relatively low ambient temperatures is 
not that responsible for ignition; ignition appears to be 
mainly the result of other reactions which become appre- 
ciable only at higher temperatures. Some experimental 
results in support of this contention are given, and it is 
estimated that the total heat of reaction is 80 cal g—!. 

The induction times reported by Mitchell for three 
materials show one of them (cotton linters) to be different 
in its behaviour from the other two. 


Introduction 


1928, Todes et al. 1933, 1939, 1940, Rice, Allen and 

Campbell 1935, Frank—Kamenetskii 1939) was devel- 
oped initially for certain gas mixtures in which ignition or 
explosion depends primarily on the balance between the heat 
produced by the reaction and the heat lost to the sur- 
roundings. This theory has found application to the initia- 
tion of explosions in solids (Rideal and Robertson 1948, 
Bowden and Yoffe 1952, Ubbelohde and Woodward 1948, 
Cook 1958), and it is of interest to consider its application 
to the much slower ignition of solids such as wood, in which 
relatively slow exothermic reactions may play an important 
part under certain conditions (Gross and Robertson 1958, 
Akita 1956). On the basis of such theory one can, in prin- 
ciple, obtain the chemical and physical constants that are 
necessary to predict the critical sizes of pieces of material 
that would self-heat to ignition at any given temperature. 
Even if self-heating is not the primary practical interest, 
many problems in the ignition and combustion of these 
materials require the values of the chemical kinetic censtants 
to be known. 

Published results on the self-heating and ignition of fibre- 
insulating boards (Mitchell 1951, Gross and Robertson 1958, 
Akita 1956) will be discussed here in the light of thermal 
ignition theory which is based in the first place on the con- 
ventional assumption of very simple kinetics. Application 
of this theory then makes it clear that more complicated 
kinetics must be postulated to reconcile the results of both 
self-heating and ignition experiments; the simple theory, 
nevertheless, is useful for limited purposes. 


T: mathematical theory of thermal ignition (Semenoff 


Theory of thermal explosions 


In this section we summarize some of the results of the 
general theory of thermal explosions. 
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The differential equation for the temperature distributl 
in a conducting solid in which heat is generated is 
> id te Gee) 
sae k dt K 
where V2 is the Laplacian operator, T is the absolute te 
perature, k is the thermal diffusivity, q(T) is the rate} 
generation of heat per unit volume of the solid at T, K is | 
thermal conductivity and ¢ is the time. | 
We assume initially that heating is due to a single react| 
of nth order and that the Arrhenius law is obeyed. We sl 
also assume that the reaction is not limited by air supply. 
We can then write 


da 
ae yee 
and as = — fd exp (— E/RT) 


where @Q is the heat of reaction per unit mass of reactd 


total solid, fis a constant, EF is the activation energy (cal/, 
of the reaction, and R is the universal gas constant. 
For a solid which is heated symmetrically we have 


a2 «i Pad. 


where x is a distance coordinate and P = 0 for slab, P 4 
for radial flow in a cylinder, and P = 2 for radial flow ii 
sphere. 

Initially at t=0, we have A=2Ay and T= Ty 
ambient temperature. 


At the surface, the boundary condition is taken as 


dT 
H(T — Ty) = = 
( a) Ke 4= #n) 


where H is the heat transfer coefficient at the surface anf 
is the half width of the slab or the radius of the cylinde 
sphere. 

The second boundary condition is by symmetry 


dT 
‘dx ——t 0 at x= 0. 
We employ the dimensionless quantities 
OfEr7A9" 
Sa 2 
KRT,2 exp (— E/RT,) 
Rie 
CHS IAN = Sah 
t = ker? pee tins 
pe RT? 


where p is the density of the solid material and c the sped 
heat, from which we can write Eqns (1) and (2b) as 
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\72 is here taken with respect to z), 


edn ) 5 aN; RT 70 
: = e exp i= } 

No at B (x. ET 

) Now if T ~ Ty, and @ is of order unity (Semenoff 1928, 

yodes et al. 1933, 1939, 1940, Rice, Allen and Campbell 
135, Frank—Kamenetskii 1939), and if £/RT => 1, we can 


j2at the exponential in 6? as unity. After writing A/Ay as w 
#2 obtain 


ad 


(4b) 


dé 
V20 = — — dwre?® (5a) 
dr 
dw 3) 
ee SS Nira 
Fe B” Cus (5d) 


i Since the only new quantity in the boundary and initial 
jnditions is « the solutions of these equations are of the 
rm 

| 6 = 66, B,n, «, 7, z) (6) 


| w= w(0, B, n, o, TZ) J 


Curves of 95 (the centre temperature) against 7 are of two 
as (Semenoff 1928, Todes et al. 1933, 1939, 1940, Rice, 
{len and Campbell 1935). For low values of 6, 9 increases 
*th + to a maximum of order unity and then falls. For 
‘cge values of 6 and provided the dimensionless adiabatic 
Secrature rise, B, is large compared with unity, 0) plotted 
‘ainst 7 passes through an inflection when it is of order 
“nity and then rises rapidly to a maximum of order B. This 
Spe of temperature behaviour is conventionally considered 
characteristic of ignition, and the lowest value of 6 for 
nich a curve of 6) against 7 includes such an inflection 
‘hile the temperature is rising is then defined, again conven- 

ynally, as the critical value of 6 for ignition 6, and this 
| ust be given functionally by 


| 8. = 8B, a, n). (7a) 
iit this inflection, or ignition point, for any 6 greater than 6,, 
Wi w(B, a, n, 8) | 


} ite 7(B, a, n, 8) 
4 6; rar 6,(B, x, Hn, 8) 
> The values of w;, 6; and 7; when ‘ignition’ just occurs 
= 6.) are functions of B, « and n only and are independent 
4’ the size of the specimen or its ignition temperature, except 
jir the secondary effect of T, on B and 0. 
» General analytical solutions are not available, but certain 
Hrecial cases have been solved. Thus, when 7 is zero or 
then B is effectively infinite, Eqn (5b) is not relevant to 
®lving equation (5a) nor to determining the critical values of 
6; or 7;, which are each then functions of « only. The 
Jell-known stationary state solutions for infinite « given by 
jrank—Kamenetskii (1939) then apply. Thomas (1958) has 
yen solutions for all values of « for these limiting values 
“n and B, whilst Kinbara and Akita (1960) have devised 
m approximate method of solving the transient equation 
ir an infinite value of B/n. 
| Approximate analytic solutions to equations (Sa) and (5d) 
hr symmetrical heating, with finite values of B/n and « — 0 
jive recently been obtained (Thomas, to be published). 
qnese are very similar to those calculated by the numerical 
tegration method of Rice, Allen and Campbell (1935) for 
| > 20, and show that the effect of B on 6, is given (Thomas, 
j be published) asymptotically by 


8.(B) ~ ai + 3(2)'}: (8) 


‘When B is small it may still be possible to distinguish two 
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types of curves for 6) plotted against 7 as described above, 
but this mathematical distinction begins to lose physical 
meaning. The detailed calculation by Todes and Melentiev 
(1935, Fig. (f), p. 1606) for B = 9 shows that there ceases 
to be a sharp distinction between ignition and non-ignition 
for a value of B as low as this and it is then difficult to ascribe 
a critical value to 6. 

If we use Egn (8) to obtain a first approximation to 6, (B) 
with B equal to 9, we find 6, is raised by less than a factor of 
2 and hence it is reasonable to assume that, if there is a 
sharply defined ignition, the value of 6, is not more than 
about twice the value calculated for no loss of reactant. 
Buben (1945) has analysed the effect of the diffusion of a 
reactant on the critical value of 6 and, for this case too, the 
existence of a sharply defined reaction implies a value of 8, 
not more than about twice the value calculated for the case 
of infinite B/n. 


Analysis of ignition data 


We shall use the theory outlined above to interpret 
Mitchell’s ignition data for fibre insulating board and similar 
materials (Mitchell 1951) which self-heat as a result of 
exothermic decomposition. 

It follows from the definition of 4, that a plot of In(6,7,?/r?) 
against 1/T,, where 7, is the ‘ignition temperature’ of a 
specimen of size r, should be linear with a slope of —E/R. 

The results of Mitchell (converted to c.g.s. units and degrees 
centigrade) for the ignition of piles of wood fibre insulating 
board in an oven, and some recent results obtained by us 
for both cubes and vertically hung square slabs of wood fibre 
insulating board are plotted in the above way in Fig. 1(a). 
Fig. 1(6) shows Mitchell’s results for piles of cane fibre 
insulating board and cotton linters. As a first approximation 
the heat of reaction, and therefore B, was initially assumed 
to be large enough for B not to influence 5, so that theoretical 
values of 5, as a function of « only could be used. 

The theoretical value of 6, for a pile of octagonal section, 


én Sc /r? 
Rate of heat output (cal g'min"') 


24. 26 ~~« 28 
1000/Ta(°K-1) 


56 fiom wae 


Fig. 1(@). Correlation of ignition data for wood fibre 
insulating board. 
© Gross and Robertson (1958) (cal- 
culated rate of heat evolution). 
E = 25000 cal mol-!. 


A Mitchell (1951). 


© cube 
O slab \ Authors. 
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such as was actually used by Mitchell, may be estimated 
using the approximate method described by Frank— 
Kamenetskii (1955). Thus for large values of B/n and «a, 
the value of 6, for a cylinder of length equal to the diameter 
is found to be approximately 2:8 compared with 3-32 for 
the sphere. For a cube it is approximately 2:5. For an 
octagonal pile we may therefore conveniently take 5, = 2°65, 
and the values for a sphere for finite values of « reduced 
accordingly by 20%, have been used. 

The cooling coefficient was calculated assuming the surface 
of the specimen to be black and allowance was made for 
natural convection. The calculated values of « and 6, for a 
sphere are shown in Table 1 for the specimens of wood fibre 


Sf oe acdad | paaes 


€n dct} /r? 


i 6 0 20) 922 0 (24 a 2Gamere 
1000/Ta(°K 3) 
Fig. 1(5). Correlation of ignition data (Mitchell). 
© Cotton linters; O Cane fibre insulating board. 


insulating board of the various sizes used by Mitchell. r was 
taken as the half-width of the piles. The effect on 6, of the 
variation of « is only significant for the smallest specimens. 
For the vertically hung slabs « was calculated in the same 
way and the appropriate correction made to 6,. 


Table 1. Calculated dimensionless heat transfer coeffi- 
cient « and corresponding value of 5, for Mitchell’s data 
(B/n assumed infinite) 


Size of pile r (od So sphere Estimated 8, for 
(in.) octagonal pile 
fae 255 ih<'7) 1-4 

i 3:0 1-9 Lo; 
4 4-4 Py Iofs 
+ te 2:6 P2P | 
1 1G 2°8 Dee 
Zz Wes 29 MNEs} 
4 30-0 Bal Dies 
6 41-0 Say 2°6 
11 67:0 sow 2°6 


The data do, in fact, appear as straight lines. The activa- 
tion energies obtained from the slopes of these lines are given 
in Table 2 together with those obtained by Gross and 
Robertson (1958), who allowed material to self-heat in an 
adiabatic calorimeter (Raskin and Robertson 1954). 

For large values of « the difference between the surface 
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Table 2. Values of activation energy (cal/mol) 
Material Derived from Measured by G 
Mitchell’s ignition and Robertso 
data (1958) 


Wood fibre insulating board 25 000 25 700 
Cane fibre insulating board 28 000 — 
Cotton felted linters 28 000 34 500 


temperature and the ambient temperature tends to zero a 
5, becomes independent of «. It follows from Eqn (7a) th 
6, then depends only on B and 4, i.e. on the nature of t 
reaction, and data for a given material can therefore 
extrapolated to large values of r without assuming a particul} 
value for 6,. This condition is fulfilled for the larger speg 
mens listed in Table 1, and the deviation for the smal] 
specimens is in fact negligible when the points are plotted 
Fig. 1. Any prediction of ignition temperatures for lan 
specimens by extrapolation then depends only on the requi 
ment that the effective value of E is constant over the desir} 
range of temperature. 
If we assume that the values of 6, quoted in Table 1 @ 
applicable, the value of (QA j"fe~#/R")/p, i.e. q(T)/p, at at 
temperature may be found from ignition data. Then, sin 

the rate of heat generation per gram of total substance 
from the definition of g(T) and 6g, 
© ee oi row Wes 


p iB pare 


the ordinate in Fig. 1 may be readily converted into a ha 
generation scale; this has been done using the data for wo 
fibre insulating board in Fig. 1(a). | 

Gross and Robertson (1958) have measured rates of he 
output, and three points calculated from their data are al} 
shown in Fig. 1(a). The agreement between theoretical af 
measured values is satisfactory for, despite the difference } 
the numerical values of E in Table 2, the effect of this | 
calculated ignition temperatures is small. However, in t} 
case of cotton linters there is a tendency for the igniti 
temperatures predicted from their calorimetric data to 
increasingly greater than the values obtained by Mitchell 
the size of the specimen is increased. 


Analysis of self-heating data 


Provided 5 does not exceed 5, a steady state can theore 
cally exist until reactant loss becomes the controlling facte 

For the non-critical steady state it is possible to calculd 
the relation between 6) and the value of 8 if reactant los | 
neglected. This computation has been performed for cert 
values of « assuming no loss of reactant (Appendix 1) a4 
the results are shown in Fig. 2. 

In his self-heating experiments Mitchell measured 
central temperature rises above ambient, ie. Ty — Ta, | 
various values of the ambient temperature T, and varid 
sizes of specimen. The relation between 6 and 6 in Figs 
could be used to determine E from Mitchell’s data, but - 
procedure would be somewhat cumbersome if the whole rat 
of experimental values of Ty — T, were to be included. 
however, only small degrees of self-heating are considered 
simplified procedure is practicable as follows. | 

It may be readily shown that if, on the right-hand side} 
the steady-state version of Eqn (Sa), e® is approximatedt 
exp @ (a constant); the corresponding approximate solu 
for a sphere, neglecting loss of reactant, is 


Reece 


Ox Op. 
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#6 as a function of 6) according to this equation is also 
flown in Fig. 2 for various values of « and it may be seen 
hat for 0) <0:4 this equation is not an unreasonable 
“proximation. 


ig. 2. Non-critical values of 6 and 6 for various cooling 
conditions for a sphere. 


Dotted lines represent 6 = 60) exp (— 69)a/(2 + «). 


IIf 0) is to be less than 0-4 then Ty — 74 must be less than 
14 (T,2R)/E, which for T, = 600° k, R = 2calmol—! deg c7! 
4d E approximately 25000 cal/mol, gives a maximum 
Bowable value of Ty — T, equal to 12° c. 

Ulf Tyo — Tx < Ta, Sexp Oo is approximately equal to 
Ao" f Er? exp (— E/RT)}/KRT 42. 

i[t may be estimated that the temperature rise in an octa- 
_nal pile (as used by Mitchell) is about 50% greater than in a 
Mere of diameter equal to the width between the parallel 
ies of the octagonal pile. We therefore replace the factor 
!by 4 in Eqn (10). It then follows from Eqn (10), the 
ffinitions of 6 and 6, and the above approximation for e®, 


exp (— E/RTp) (1) 


ely ta ONES 
~ AWE 


IpteeiK 


Mie ROTH EE (12) 


duld therefore vary linearly with 1/7) and this is shown in 
2. 3. The ordinate can be related by Eqn (12) to the rate 
heat generation per unit mass, g(T)/p, in the same way as 
a the ignition data. Here, however, no theoretical value 
ed be assumed for 6,. 

The curvature in Fig. 3 is greater than can be accounted 
: by the approximation in Eqn (10). Nevertheless, in the 
zion where the temperature differences are small the curves 
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are asymptotic to a common line which corresponds to an 
activation energy of 21500 cal/mol. This is somewhat lower 
than the value given by ignition data. 

Much more significant is the estimate of heat output 
derived from these experiments for small amounts of self- 
heating. It is in fact an order greater than found from 
measurements by Gross and Robertson in the adiabatic 
calorimeter or from Mitchell’s experimental data on ignition. 
Thus at a value of 1000/T°k equal to 2:3 (T = 161° ©), the 
ignition data of Mitchell in Fig. 1 give a value of about 
0-07 cal g~! min! for the heat output, and the self-heating 
data in Fig. 3 a value of 0:70 calg~! min—!. (It should be 
noted that the ratio of the rates of heat generation given in 
Egns (9) and (12) is independent of K and p.) 


3 = Se 
-estimated position of | 
“ common asymptote giving 
E as 21,500 cal/ mol. 


oO 
oO 
un 
Rate of heat output for wood fibre insulating board (cal gq! min') 


ale 
ie 0:02 
-2 ~ 
0-0! 
= = 
0-005 
sup 002 
200 D0n Pe eeeee bn) 
1000/T.(K") 
Fig. 3. Correlation for Mitchell’s self-heating data. 
e 1 in. block (2r); O 4in. block; 
x 2 in. block; © 8 in. block. 


The same point can be made another way. The maxi- 
mum temperature rise AT in a sphere of radius r and con- 
ductivity K in which heat is generated at a uniform rate 
q may be calculated from conduction theory (Carslaw and 
Jaeger 1947, p. 207) as AT = qr?/6K and for an octagonal 
pile it may be estimated as approximately 50% greater than 
this. Now at 161° c the kinetic constants given by Gross and 
Robertson give a value for g of 0:25 x 1073 cal cm~ sec! 
(0:055 calg~! min~!). Thus for r equal to 1-27 cm and K 
equal to 1-2 x 10-4 c.g.s. units, AT would be approximately 
1° c; a result which justifies assuming a uniformly distributed 
rate of heating. For such a pile at 161° c Mitchell recorded a 
rise of nearly 9° c. 

The above theory has assumed the existence of a steady 
state. This is not so but, since loss of reactant would lower 
the observed temperature rise, the difference between the 
two sets of data is actually underestimated. 

D. Gross has communicated to us privately two complete 
temperature-time curves for 2 in. and 4 in. octagonal prisms 
of wood fibre insulating board obtained at the National 
Bureau of Standards, Washington. These were for heating 
in an oyen at 133° c. From the rates of temperature rise of 
the specimens when their temperatures equalled the oven 
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temperature, the rates of heat output at 133° c can be cal- 
culated. 

Assuming a specific heat of 0:3 cal g~! deg c™!, these 
rates are 0:12 and 0-09calg~! min~!, which agree to 
within 20°% with the result calculated from the assymptotic 
line in Fig. 3.* 

Thus the rates of heat output calculated in two ways from 
self-heating experiments are consistent, but larger than the 
values calculated from ignition data. 

We conclude that there is a discrepancy between self- 
heating data and ignition data for wood fibre insulating 
board when compared on the assumption of simple reaction 
kinetics; this is discussed below. 


Effect of more than one reaction 


It is clear from the results of differential thermal analysis 
that the decomposition reactions for cellulose and lignin are 
complicated (Berkowitz 1957, Breger and Whitehead 1951) 
and therefore the treatment of self-heating and ignition in 
terms of a single reaction may be too drastic a simplification. 

Recently some experiments have been made to observe the 
temperature/time relation for a specimen heated in an oven 
for a long time. The result shown in Fig. 4 is for a 1 in. 


The curve in Fig. 4, however, is not exponential and sho 
an inflection over the period 500 to 1500 min. This canr 
be accounted for by a reaction of constant order; further 
the portion of the curve beyond 1500 min is neglected (the: 
by eliminating the inflection), calculations show that t 
curve cannot even then be explained by a single reaction 
constant order. It seems therefore that more than o 
reaction is involved. | 

It can be shown (see Appendix 2) that, provided t 
reactions approach completion and the rise in temperat 
T — Typ is not too large, the area under the temperature-ti 
curve is related simply to the total heat produced, whatev 
the manner in which it is released as a function of time, 1, 


MOr?Xo 
K 


where M is a constant for any given value of «. 

For a 1 in. cube with a surface heat transfer coefficient 
6 x 10-4 c.g.s. units and K = 1:2 x 107‘ c.g.s. units, 
and M is 0:29; for infinite « it is 0-24. 

The value of QAg/p, i.e. the heat of reaction per unit m. 
of total substance obtained by applying Eqn (13) to Fig. 
is about 80 cal/g of total substance, of which only abs 


fa =F dt 


= — 


Rise in temperature above oven at 175°C 


Fig. 4. Self-heating of 1 in. cube of | 
wood fibre insulating board at 175° c. 


0 500 1000 500 2000 


Time after specimen reached oven temperature (min) 


cube of wood fibre insulating board heated at 175° c; it has 
been corrected for the small difference between the tem- 
perature of the specimen and the temperature of the oven 
atmosphere, that was a consequence of the oven ventilation. 
The graph shows a maximum temperature difference between 
the centre of the specimen and the oven occurring within a 
few minutes after the specimen has reached the oven tem- 
perature (taken as time zero), followed by a long period 
during which the temperature difference falls gradually to 
Zero. 

Now, although the reaction rate varies with temperature, 
the temperature difference between the specimen and the 
oven is small and we can base an approximate theory on a 
rate of reaction which is independent of the temperature. 
Thus, in Eqns (5a) and (5b) we write e® equal to a where a 
is a constant approximately equal to unity. The solution of 
the equation is then readily obtained, using products of 
Fourier series (Carslaw and Jaeger 1947, Chap. 6), to give 
the central temperature for the cube as a function of time, 
«, 6 and B (see Appendix 2). According to this calculation 
there should be an approximately exponential decrease after 
15 min if the reaction is first order. 


* These rates are relatively somewhat higher than those that 
may be calculated from rates of temperature rise at 325° F (163° c) 
recently reported by Smith (1959) for wood fibre insulating board 
in an adiabatic calorimeter. Smith shows that self-heating is 
seas to the amount of components in the wood extractable with 
solvent. 
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16 cal/g is liberated in the initial rise and fall to a te 
perature of 0:8° c above oven temperature (see Fig. 4) 2 
is attributable to an initial short-lived reaction. This vak 
of 80 cal/g supersedes the earlier estimated value of 150 ce 
based on uncorrected data (Thomas 1959). Clearly the l« 
tail in Fig. 4 represents the important source of heat 
because the total B for both reactions is about 13, while 
the first reaction alone it is only about 3 which, as has bs 
shown above, is too small to produce the sharp ignit 
observed in practice. It follows that in wood fibre insulat 
board there is a fast reaction of low heat output which is } 
primarily responsible for the observed ignition; the s 
reaction that becomes important at higher temperatures# 
the one responsible for ignition of the specimen. | 

Previous estimates of the heat of reaction (QA9/p aboi 
reviewed by Byram ef al. (1952), range between 50 4 
100 cai/g for wood. Akita (1956), more recently, has givel 
value of 32 cal/g for wood and this value has been used| 
Kinbara and Akita (1960) in discussing transient probler 
However, this gives a value for B of 6, and suggests it is 
low to reconcile with sharp ignition. 

It is to be noted that the maximum temperature rise 
Fig. 4 is 8° c, while the maximum temperature rise due# 
the second reaction above is about 0-8° c—these values | 
in approximately the same ratio as those in the self-heat 
and ignition data of Mitchell. 

This picture of two exothermic reactions leads to the cf 


. . . ouie : ! 
clusion that comparison of ignition temperatures for vari 
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‘es of specimen will give an estimate of the activation 
jrergy for the second reaction, whereas the measurement of 
He maximum self-heating temperature tends to give that for 
#2 first reaction. If the difference in the activation energies 
ijtermined for the two sets of data given by Mitchell is real, 
the would conclude that the first reaction has a slightly 
wer activation energy than the second—which is consistent 
th its being relatively more important at lower temperatures. 
On this view the difference between the straight asymptotic 
wie in Fig. 3 and the curved experimental lines reflects the 
‘ss of reactant for the first reaction. Some of this loss may 
tour in the heating up to the oven temperature, in which 
lise the amount of loss will be dependent on the size of the 
yjecimen because this affects the rate of heating up to the 
! en temperature. 
/Equation (8) shows that a value of B of 13 raises the 
jiition parameter 64, for infinite B/n by about 50° and this 
duld lead to a similar increase in the estimate of the heat 
| tput in Fig. 1(a)—this heat output scale having been 
srived on the assumption of no loss of reactant. The data 
: ‘tained by Gross and Robertson gives the actual heat out- 
jt, which is less than the value assuming no loss of reactant 
d therefore both sets of data should be corrected in the 
ne direction. Although the corrections are of different 
ij ignitude their effect on the correlation of the two sets of 
ita in Fig. 1(@) is small and the corrections have not actually 


E Interpreting the result in Fig. 4 as evidence for two exo- 
‘ermic reactions one would expect that a short preheating 
t a specimen of wood fibre insulating board at a temperature 
jlow its ignition temperature would lead to exhaustion of the 
ast reaction and a consequent slight increase in ignition 
snperature. This has in fact been found; thus, the ignition 
snperature of a 1 in. cube is raised about 10° c after pre- 
fating for about +h at 170° c, but it has not yet been pos- 
Hle to relate this increase simply and quantitatively to the 
G-egoing analysis. It is not at all unlikely that our picture 
{ the exothermic processes is still over-simplified. 


Induction time 


4The induction time is a fundamental part of any discussion 
} self-ignition. 

/Zinn and Mader (1960) have recently performed numerical 
jculations for the induction times ¢; of spheres when the 
jtial temperature of the material is below the ambient tem- 
Jrature in an ignition experiment. Over a certain range of 
tnperatures above the critical temperature they have found 
gat kt,/r2 has a value of approximately 0-5 to 1. kt,/r? only 
ils below 0:5 when E(1/T, — 1/T;) exceeds 2, where T, 
ithe critical temperature and 7; is the actual ambient tem- 
rature in an experiment (> T,). For values of E of order 
1000 and 7; ~ JT, ~ 500° this means that kt,/r? > 0-5 
|}7T;—T,-<10°c say. kt,/r? is greater than unity if 
41/7. — 1/T7;) is less than about 0°5, ie. if 7; — T, << 2°c 
id its value is then very sensitive to the precise value of 
| — T,, tending to infinity as T;—> T,. A set of values of 
/r2 observed under conditions where T; — T, is between 
ind 10° c should therefore tend to lie about a mean value 
ithe range 0:5 to 1. Small variations in the initial tem- 
jrature 7; of the specimen will then be unimportant. 

‘In Mitchell’s experiments the highest non-ignition tem- 
jrature and the lowest ignition temperatures were quoted. 
ce, in the majority of cases, the difference between them 
) between 2 and 10°C, ker? should be approximately 
instant in the range 0-5 to 1-0 for a wide range of r. 


Wor. 12, May 1961 


22, 


Mitchell’s data for ignition, plotted in Fig. 5, do indeed 
follow a linear relation between 4; and r? very closely. For 
the wood fibre insulating board kt,/r2 equals 0:75 which lies 
in the above range. The discontinuity in the line for cane 
fibre insulating board in Fig. 5 occurs where a different con- 


10000 = 


1000 


Time to ignite (min) 
iS) 
(2) 
| 


jb - ! 


01 | 10 
Half size of specimen r (cm) 


Fig. 5. Induction times at critical conditions (from Mitchell). 
=—0o Cotton felted fibre insulating board. 


——-— x-—--— Cane fibre insulating board. 


struction was used by Mitchell for the smaller specimens 
and a different apparatus was employed. 

Akita (1956) and Kinbara and Akita (1960) have reported 
experimental values of kt;/r? of order unity for sawdust. 

For Mitchell’s results on cotton linters, krf;/r? is about 
40 times greater and, since this is systematic, it indicates a 
basic difference in behaviour. A difference such as this 
could arise if the reaction were autocatalytic or if reaction 
inhibitors were present. The induction time would then 
become long because of the time taken to form the active 
product material or to destroy the reaction inhibitors. From 
a practical point of view such a difference between the 
materials is important in the following respects: (i) it takes 
longer to judge whether the material is safe if the induction 
time is long, (ii) preheating would be expected to hasten 
ignition on subsequent heating for an autocatalytic reaction 
or if reaction inhibitors are initially present. 


Discussion 


The simple theory for thermal ignition assuming a single 
reaction with no loss of reactant gives relationships between 
the size of the specimen and the minimum temperature for 
ignition, and between the size of the specimen and the 
maximum temperature rise due to self-heating without 
ignition, which appear to be of the right form in so far as 
there is qualitative fit with Mitchell’s results. But there is no 
quantitative agreement between the results of the two types 
of experiment. 
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Again there is disagreement, on the basis of the simple 
theory, between Mitchell’s self-heating data and the results 
obtained in an adiabatic calorimeter by Gross and Robertson. 

Theoretical considerations show that these discrepancies 
are greater than can be attributed to a low heat of reaction 
in one first order reaction. Experimental results show that, 
in fact, more than one exothermic reaction occurs in the self- 
heating of wood fibre insulating board and theoretical con- 
siderations show that in the first of these reactions the heat 
of reaction is too low to result in ignition. 


1-0 


08 
0-6 
wy 
Fe] 
Lo 
0-4 
0:2 
%% 02. 0-4 06 08 1-0 
9/85 
Fig. 6. The relationship between 6/dc¢ and 9 9/c for all 
values of «. 


It is suggested that Gross and Robertson’s data agree with 
Mitchell’s data for the ignition of wood fibre insulating 
board because in both cases the first, fast, reaction is com- 
pleted at an early stage of the heating, so that in both experi- 
mental conditions only the second reaction is important. 
This may not be true for all materials. For example, with 
cotton linters which has an anomalous induction time, 
possibly due to more complex kinetics than the simple theory 
allows for, Gross and Robertson give an activation energy 
larger than that obtained from correlating Mitchell’s ignition 
data. 


Conclusions 


The ignition data provided by Mitchell can be correlated 
by thermal ignition theory based on a single reaction obeying 
the Arrhenius law, though, of course, this does not imply 
that the reaction is as simple as this. 

The rates of heat output for wood fibre insulating board 
calculated from the maximum self-heating temperature are 
approximately an order higher than those calculated from 
ignition data. 

It is shown that the discrepancy cannot be accounted for 
solely by loss of reactant in the ignition experiments; but it 
can be partially explained by the presence of more than one 
exothermic reaction, for which some experimental evidence 
has been obtained. 

The induction times are an independent source of data 
and the fact that there are anomalies between the results 
for the cotton felted linters and the two other materials 
tested by Mitchell strongly suggest that there is a basic 
difference between the reactions in this material and the others. 

The main practical implications of this paper are that 
there are occasions when it is justifiable to use a simple model 
to extrapolate small-scale self-ignition data over a tempera- 
ture and size range. Certain types of self-heating experiments 
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may, however, give misleading predictions for self-ignitiy 
It is advisable to perform both self-heating and self-ignit) 
experiments on small specimens, and to find out if the t 
sets of data are consistent on the basis of the cho 
theoretical model in order to assess the feasibility of extraj 
lation to full-scale. | 
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Appendix 1 


Relation between 8 and 8 for non-critical conditions in a sph 
' The maximum theoretical value for the rise in temperat 
in self-heating is obtained by neglecting the loss of reactan 
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‘Che steady state equation for a sphere with no loss of 
‘\ictant is, from * (5a) 


z aC 25) = 


\\lowing Chambré (1952) we substitute in Eqn (14) 
= 2(6 exp 4) and ys = 0) — 6. We then obtain 


(14) 


1 Pd 
= n? e—Y, 15 
n° dn\” dy oe 
| the centre, x = 0, 6 = 0 and d6/dz = 0. 
|2refore at 7 = 0, 4 = 0, db/dn =0 (16) 


ii at the boundary z = 1, Therefore at 


i 
} 


|= (6 exp A) = Ns 
«(Ay as 


a8 = — d/dz. 


have wb) = ns(dyb/dn),. (17) 
fables of % as a function of 7 for Eqns (15) and (16) are 
jen by Chandresekar and Wares (1949). The values of x, 
ji a satisfying Eqn (17) for given 5 and 6) can then be 
jained. 

‘dence 6 can be obtained as a function of 09 and a. 
jults are shown in Fig. 2. 

j\Jthough there is a large variation of 5 with « for a given 
a curve of 6/6, against 69/69, is practically independent of 
|Fig. 6). 


ine 


all values of 8 


‘For small values of 6) we may put 6 equal to > on the 
ot-hand side of Eqn (14) which can then be integrated to 


dd ——s dzexp % 
dz 3 
i et dz” exp Oy 
6 
that from (2c) 
a(A —4 dexp A) = 2 Sexp % 


Perat the centre z = 0, 
) 

6, = 4 = =2 a) exp 6). 
6a 


{This relationship is shown in Fig. 2 and it is seen to be 
jisfactory for 0) < 0-4. 
Putting exp @ equal to unity on the right-hand side of 


5 
9p Foes a) 


jich would appear as straight lines on Fig. 2 tangential at 
); origin to the correct solution. If we use this equation to 
)t Mitchell’s self-heating data as 


og To — Ta 1000 1000 
In : ) 4) against Th instead of Te 


lessen the curvature in each set of data, but the common 
mptote drawn in the region where Ty — T, > 0 would 
the same. 

At large values of 0) the former approximation is the 
ter. The curvature in each set of data corresponds to a 
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real difference in the rate of heat generation in specimens of 
different size at the same temperature. 


Appendix 2 
Discussion of temperature-time curve in self-heating 


We assume @ to be small compared with unity so that the 
rate of generation of heat is solely a function of the time 
under the nearly isothermal conditions of self-heating. 

The self-heating equation may therefore be written as 


V9 = = — gor) (18) 
where ¢(7) is the rate of generation of heat 
and where i ACG aeR (19) 
0 


For symmetrical heating and boundary conditions at each 
surface of the form given by equation (2c), the maximum 
temperature, i.e. the central temperature in a cube, denoted 
by 6, can be readily calculated by the methods described by 
Carslaw and Jaeger (1947, §132-4). From this solution we 
obtain 


I 6dr = MB 
0 


es ee 


2 
jlees: = T,)at = MQ)or* 
0 K 


M is given by 


U 
eta ey 2 > (Ba AP Bee ar BA 
I B; sin B;{cos B; + («/B;) sin 83} 
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2B 
} (20) 
where f is a solution of 8 tan 8B — a = 0. 
i np denotes the product over the terms in m, n, p. This 
result is independent of the form of ¢(7). 
The second reaction may be approximated by a first order 
reaction for which we have 


f(t) ~ ad exp ( a2) 


where a is nearly equal to unity, and the solution takes the 
form 


= pa pa XP nny 
[exp (— 887) exp {- a +B? +87] 2D 


where the coefficients b,,,,» depend on the roots Pinn,y, 
« and aé/B. 

Now all the roots 6 are greater than 1 if « > 2. If also 
aé/B < 1 and t > 0°8 only the first of the two exponential 
terms is significant, i.e. A) oc exp ( — ad7/B). Similarly for 
other orders of reaction, provided ¢ changes slowly with 
time compared with exp (— 38,77) the solution takes the 
asymptotic form 4 oc $(7), i.e. there is no thermal delay in 
the response of the temperature of the material to a changing 
rate of heat output when 7 is greater than a certain minimum 
value. 


(21) 
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Abstract 


The dynamic modulus of nylon fibres has been measured 
over a wide frequency range at different temperatures and 
humidities, and also the life under load. The measured 
life times were of the same order as the periods used in the 
dynamic experiments. The results of both sets of experi- 
ments can be explained on the assumption that increase 
in temperature only affects the internal friction of nylon, 
whereas the absorption of water has also a significant 
although smaller effect on the elastic properties. 


1. Introduction 


gave an account of an investigation into the dynamic 

mechanical properties of wool at very low frequencies. 
In this paper it was shown that the behaviour could best be 
characterized by a visco-elastic assembly in series with a 
pure spring; both the elastic and viscous elements of the 
required assembly were affected in a uniform manner by 
absorption of water, whereas the series spring was unaffected. 
The effect of temperature, on the other hand, only required 
an alteration in the viscous elements of the model for its 
description. In the present paper the results of a similar 
investigation into the dynamic properties of nylon are 
reported, and also those of a simultaneous investigation into 
the effects of humidity and temperature on the life of a 
nylon fibre under load. 

As in the previous paper it has been found possible to fit 
all the measurements of the dynamic compliance to a single 
curve, by applying appropriate reduction factors to the time 
and compliance scales. If it is assumed that the distribution 
of breaking times for a large number of fibres under any 
given conditions merely reflects a quite reasonable distribution 
of minimum effective cross sections, it is also possible to 
fit all the breaking-time data to a single curve by applying 
similar reductions to the load and time scales. The range of 
breaking times studied was very similar to that of the periods 
of vibration used in the dynamic experiments; it is therefore 
possible to compare the shifts required in the two 
investigations. 


IE a previous paper (Warburton 1959) one of the authors 


2. Experimental 


The dynamic mechanical properties at low frequencies 
were studied by making simultaneous measurements of force 
and elongation during longitudinal vibrations. The apparatus 
used was almost identical with that previously described 
(Warburton 1959). Minor modifications were made to 
extend the range that could be covered on the high-frequency 
side. The nylon fibre used was cut from a bobbin of 
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12 denier monofilament yarn supplied by British Nylor 
Spinners. A fairly coarse fibre was required so that the 
stiffness of the spring used for measuring the force was 
sufficiently great to keep the resonance frequency well above 
the maximum experimental value. The experimental pro 
cedure was identical with that previously described and ness 
not be discussed further. 

The life of nylon fibres under load was studied by sus: 
pending about fifty fibres in a controlled atmosphere anc 
determining the time at which each fibre broke. The con: 
trolled atmosphere was obtained by enclosing the whole 
apparatus in a box (Fig. 1), in which the temperature was 
thermostatically controlled and the humidity controlled by 
trays containing salt solutions. A miulti-fan system was 
used to provide adequate internal circulation, so that unifor 
conditions were attained throughout the box and clos 
control was possible. The variation of temperature through 
out the box was within +0-2 deg c of the mean temperature 
which itself varied by +0-2degc, and the humidity wa 
controlled to +2%r.h. The fans were so arranged that th 
air movement in the vicinity of the fibres, while sufficient fo 
maintaining uniform conditions, was too small to distur 
the fibres when under load. The fibres were suspended fro 
hooks on the removable carrier A (Fig. 1) by special clamp 
made from safety pins and a Paxoline pad. The design o 
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Fig. 1. 


these clamps is shown in Fig. 2, an important feature being 
the wrapping of the fibre round the wire; this produces a 
capstan action by which part of the load is carried by static 


©) 


friction between the fibre and wire, thereby reducing the 
chance of a break occurring at the nip. Similar clamps were 
iy. fitted at the lower end at a distance of about 6 cm, a special 
ii jig being used to facilitate attachment at the correct distance. 
i At the start of each experiment the appropriate number of 
i) weights was placed on the tray B (Fig. 1); this was raised 
(i by a rack and pinion so that the weights could be hooked 
‘{ to the lower clamps without applying any tension to the 
| fibres. When all the weights were in position the box was 
t closed and the fibres left to condition for at least four hours, 
f 


Fig. 2. Fibre clamp. 


usually overnight. After the fibres had been conditioned, 
the tray supporting the weights was gently lowered and 
pushed back clear of the suspended weights. It was essential 
to avoid any jarring during these operations as any vertical 
oscillation of the weights would add to the stress on the 
fibres. To assist in preventing such oscillations much of the 
apparatus was mounted on rubber. When a fibre broke, 
the falling weight struck the pivoted plate C, which then 
tilted and completed an electric circuit, thereby deflecting a 
pencil in contact with a moving strip of paper. The paper 
was driven by a synchronous clock motor which was started 
at the same time as the platform was lowered, so that the 
distance traversed by the paper before each mark was made 
was a measure of the breaking time of the corresponding 
fibre. Only the shorter breaking times were recorded in this 
way, although the first few overnight breaking times were 
recorded with the paper running at a much slower speed. 
Other breaking times were recorded either with a stop watch 
or an ordinary watch, according to the time that had elapsed 
since the start of the experiment. The later overnight break- 
ing times were determined with sufficient accuracy by assum- 
ing that they occurred at evenly spaced intervals. Thus even 
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on the third night (after about 50 hours) the maximum error 
in log breaking time caused by assuming a single fibre broke 
at 1 a.m. would be +0-06, the error becoming progressively 
smaller as the time elapsed increased; with the smaller loads 
and low humidities the experiment was stopped before the 
stronger fibres had broken. Even so lifetimes of several 
weeks were recorded. 

The nylon fibres were drawn from a sample of 3 denier 
nylon tow having a mean diameter of 20 , and the experi- 
ments were made using loads of 11:93, 9:50 and 7:64¢ 
at 25 and 40° c and various humidities. All the weights 
corresponding to any one load were adjusted, by filing or 
otherwise, in such a manner that the variability was small 
compared with that of the fibre diameter, the standard devia- 
tions being 56, 8 and less than 4 mg respectively. Except for 
the 11-93 g weights these are negligible, and even for these 
it corresponds to a variance of less than 4%. 


3. Experimental results 


The variation of the real part of the dynamic compliance 
with frequency for different regains is shown in Fig. 3. The 
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curves are very similar to those for wool (Warburton 1959) 
but extend over a greater frequency range. They show that 
the low-frequency limit at least is humidity dependent, and 
that master curves can only be obtained by applying a 
reduction factor to the compliance scale as well as to the 
frequency scale. Further discussion of these data is deferred 
to the next section. 

The data from typical experiments on the life under load 
are shown in Fig. 4. In this figure the number of fibres 
broken is plotted as ordinate against the logarithm of the 
time in seconds. It will be noted that the breaking times 
cover a very large range, there being a factor of over 10° 
between the longest and shortest breaking times in any one 
experiment. It will also be noticed that the points do not 
lie on a smooth curve but fall in a series of steps (almost 
straight lines). Wan der Vegt (Stuart 1956) obtained similar 
curves for the lifetime of Nylon 66 fibres subjected to repeated 
torsional deformations. The dependence of the breaking 
time on load is shown in Fig. 5, in which the load is plotted 
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against the logarithm of the half-life, i.e. the time for half 
the fibres to break. This figure shows the large effect of 
even a small change in load; thus a change of less than 7% 
in the load alters the half-life by a factor of 10 and a change 
of 14% would make a difference of 0:2 in the logarithm of 
the half-life. The variability of weights (+2) is less than 
+1% even for the heavier weights, so that this factor only 
makes a small contribution to the scatter of the results. It 
will, however, affect the individual breaking times under the 
11-93 g load, but the effect will be small for the 9-50 g load 
and negligible for the 7-64 g load. 


4. Discussion of the results 


In determining the half-life under load (or any other single 
parameter that could be used to summarize the results of 
each test) very little use is made of the data relating to the 
scatter of breaking times. If a correlation is to be made 
with the modulus data, some means of applying a reduction 
factor to both the load and time axes for different regains 
is required. This can only be done if analysis is made of 
the distribution of breaking times in each experiment. 
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Another reason for so doing is the fact that the similarity 
the curves in Fig. 4 to those obtained by van der Vegt (Stua 
1956) suggests that the way in which the points are scattere¢ 
round the smooth curve is not an artefact but has som 
real significance, even if only statistical. 

A possible reason for the large variation in breaking time} 
is a random distribution of weak places. If this is expresse¢| 
as a variation in effective areas under the applied load, the 
variance required in the minimum value is not large an¢ 
could easily be produced by a random distribution of su 
microscopic flaws. (The small amount of delustering 
material found in all commercial nylon would contribute t 
such flaws.) These need not be on the surface of the fibre: 
in fact, microscopic examination of the broken ends shows 
the cup and ball fracture characteristic of the presence o 
interior flaws. On the above hypothesis, the scatter of the 
points with respect to a smooth curve might be explained by 
bunching taking place when a finite number of individuals 
are drawn at random from an infinite sample having a true 
Gaussian distribution. 

The variance in effective area at the point of break, anc 
hence in equivalent diameter, required to give the observe 
distribution can be calculated from curves of the types sho 
in Fig. 4 and the relation between load (and hence stress} 
and half-life as shown in Fig. 5. Thus curve A in Fig. 
relates to a test in which fifty fibres were used; 68% of thes 
would be expected to have diameters differing from the mea 
within +o, the standard deviation, i.e. those from the 8th 
to the 42nd fibre broken. The log breaking times for thes 
two fibres were 2:0 and 4:88 respectively, and from Fig. 
one finds, assuming for simplicity of calculation a linea 
relation between log stress and log breaking time, 


log (W/d*) = const. — 0-03 log t (approximately). 


Hence 
log {W]d,7} = log {W]d4p*} = 0:0864. 


Therefore if c is the coefficient of variation o/dmean 
log 1 + c)/(1 — c) = 0:0432, whence c = 0:05. 


Several such calculations were made and gave a mea 
value of 5% for the variance within the limits of the accura 
obtainable, this being limited by the accuracy of the relatio 
between load and median breaking time. Using this pro 
visional value of the variance, an integrated Gaussian curv 
was plotted from the tables given in the Handbook o 
Chemistry and Physics (Cleveland, Ohio: Chemical Rubbe 
Publishing Co.) as follows: the argument f is equal to d — 2 
and the area of the error curve (as given in these tables 
multiplied by the total number of fibres is equal to the 
number of fibres having diameters between 20 and d. If 
it is then assumed that the fibres break in order of minimum 
load bearing area, the data of Fig. 4 can be converted to a 
relation between W/d* and log breaking time. This has 
been done in Fig. 6; the fact that the points for different 
loads under the same conditions lie as nearly as possible on 
a single curve shows that the value adopted for the variance 
is as near as can be obtained from the experimental data; 
ie. the breaking times for the same calculated stress with 
different loads agree to within the general scatter. 

In order to further test the hypothesis outlined above—in 
particular, the attribution of the scatter of the points round 
a smooth curve to a bunching effect—theoretical life under 
load data for forty fibres have been obtained. In so doing 
it has been assumed that the breaking time is solely deter- 
mined by the maximum stress in each fibre, and that the 
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effective minimum diameters of the forty fibres were those 
to be expected from a random sample drawn from an infinite 
population having a Gaussian distribution of this parameter. 
For convenience the numerical values used were similar to 
those used above, i.e. c = 0:05 and mean diameter = 20 p, 
hence the standard deviation is 1 u. The deviations from 
the mean for each of the forty fibres can then be read directly 
from the tables of random samples from a normal distri- 
bution, such as those produced by P. R. Ray (1934). (The 
method used in producing these tables was given by Karl 
Pearson in his introduction to Tippet’s (1927) Random 
Sampling Numbers.) The breaking times for each fibre under 
a given load were then calculated from the relation 


0-03 log t = 0-433 — log stress. 


The resultant curves are shown in Fig. 7 which refers to three 
separate draws, different applied loads being assumed for 
each draw. These curves exhibit all the main features of the 
experimental curves as shown in Fig. 4, and thus show that 
the departure from a smooth curve produced by the random 
selection of a small number of items is quite capable of pro- 
ducing the observed scatter of the individual points, although 
one could not assert that the curves in Fig. 4 arose from a 
single Gaussian distribution. 

The curves of Fig. 7 have been converted back to a relation 
between log stress and breaking time using the same pro- 
cedure as used in constructing Fig. 6, i.e. assuming that the 
fibre diameters were uniformly distributed according to the 
Gaussian relation; the results are shown in Fig. 8. The 


breaking times from this cause, since there are two facto 
known to operate, which would contribute to the variatic 
from fibre to fibre of the minimum load bearing area. Thet 
is, in the first place, a variance of 5% in fibre diameter 
measured by the standard microscope technique which w 
produce a contribution much less than 5%, and secondl} 
there is a random distribution of delustering particles whid 
is probably the major factor. There may be other factors. | 

The above analysis has therefore established in the fir 
place that known sources of variability can account for th 
extreme variation from fibre to fibre in life under loa¢ 
without assigning unreasonable values to their magnitudé 
It is therefore not necessary to invent special theories ¢ 
fracture to explain this variability; i.e. on the basis of thes 
experiments, all that is required of a theory of fracture is the 
it should account for the large variation in breaking time wit 
stress and for the effects of absorbed moisture and temperé 
ture on this property. More important, it does show thé 
whatever the ultimate variation between fibres, which give 
rise to the variability in breaking times, the scatter of th 
experimental points from a smooth curve almost certain] 
arises mainly from statistical causes rather than from th 
mechanism of fracture. 

The procedure adopted does enable one to use all the dat 
to obtain a relation between maximum applied stress an 
breaking time with a reasonable degree of confidence, wha‘ 
ever the ultimate source of the variability. Such a relation 
is required before one can discuss the effects of temperatu 
and absorbed moisture on the breaking time or compa 
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Fig. 8. Relation between maximum load and breaking time from theoretical fibre draws. 


points for the different loads do not show a much better fit 
to a single curve than do those in Fig. 6, the differences 
between the two arising possibly from a slightly non-Gaussian 
distribution. It follows that if the variation in experimental 
breaking times is attributed solely to a variation in minimum 
load bearing area, the variance of the best Gaussian dis- 
tribution of diameters (used as a measure of this parameter) 
has a value of 5% to within the limits of experimental 
accuracy. There must be a contribution to the variability of 
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them with the effects of these factors on the dynamic modulus 
One way of discussing these effects is to reduce all the dat. 
to a single curve, by sliding the results for different ambie 

conditions along the log stress and log breaking time ig 
the two shifts can then be interpreted as arising from change: 
in the strength of the structural elements and in the intern: 

fluid friction. Unfortunately the curves in Fig. 7 are so nearl 
straight and parallel that an almost infinite combination o 
shifts can be used. The most helpful tentative procedure i 
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| above 1-3 x 10-5 bar}. 
regain (62°% r.h.) at 25° c has been taken as standard, the 
| reduction factors for 2°6% regain and 56% regain at MSG 
| being +0-9 and —0-6 respectively in log frequency and 


|, above 1-3 x 10-5 bar~}. 
| and Dunell (1959) constructed master curves for 35° c and 
| 60° c by simply sliding the points for each humidity along the 
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to assume that the changes in internal friction, as found 
from measurements of the dynamic modulus, hold for 


‘ extensions up to fracture, and then to calculate the change 


in strength required to produce complete coincidence. 
Further analysis must therefore be deferred until the dynamic 
modulus data have been examined. 

Reverting now to Fig. 3, relating the dynamic compliance 
to frequency, it is quite clear from even a casual inspection 


| of the curves that it is impossible to construct a master 
| curve for different regains simply by sliding the curves along 
| the log frequency axis. 


The same procedure must therefore 
be adopted as was used for wool (Warburton 1959), and a 
reduction factor applied to the compliance scale as well as 


*; to the frequency scale. There are insufficient data from these 
( experiments to decide whether this should be applied to the 


whole of the compliance or merely to the amount by which 


t)} the actual compliance J,, exceeds J,,, the high-frequency 
i limit to which the compliance would be expected to tend. 
i) Recourse must therefore be had to other data of which those 
| obtained by Quistwater and Dunell (1958, 1959) are suitable 
i) for this purpose. 
i) technique, determined the real and imaginary parts of the 


These workers, using an entirely different 


dynamic modulus of nylon 66 over a decade of frequency 


t overlapping the high-frequency end of the present investi- 


gation. Their data, however, extend to lower humidities 
and regains than those reported here, and a constant value 


| for the modulus was obtained for relative humidities below 


about 20% at a temperature of 9° c. This limiting value is 
about 7:5 x 104 bar, and the loss modulus was about 104 bar, 
so that the limiting value of the compliance would be about 
1-3 x 10-5 bar}. Using this value the data for 25° c have 
been reduced to a single curve (Fig. 9) by applying appropriate 
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Fig. 9. Reduced compliance versus reduced frequency for 
25570; 


reduction factors to the time scale and the excess compliance 
In doing this the curve for 3-85% 


+0-165 and —0-11 in the logarithm of the excess compliance 
In their second paper, Quistwater 


log frequency axis, a procedure which is in apparent contra- 


diction to the results given above. However, when the 


_ experiments only cover a short frequency range, it is possible 
235 
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to construct equally satisfactory master curves by applying 
a variety of combinations of reduction factors to the com- 
pliance (or modulus) and frequency. Quistwater and Dunell 
naturally chose the simplest procedure in the absence of 
evidence to the contrary. 

The curves for 40° c, in Fig. 3, can be brought into 
coincidence with the corresponding curves for 25°C by 
displacing them along the log frequency axis by 1-2 towards 
the lower frequencies. 

Only the real part of the dynamic compliance has been 
considered above. No satisfactory analysis of the loss 
compliance has been possible. This is because the amplitude 
of the deformation cycles was large enough for the shape 
of the hysteresis loop (Fig. 10) to be affected by non-linearity 


25°C 41% rh. 
Fig. 10. Experimental hysteresis loop. 


of the elastic elements in the nylon. If the behaviour could 
be characterized by linear visco-elastic elements over the 
range studied, these should be ellipses no matter how compli- 
cated the model used, whereas it will be seen that they depart 
appreciably from this shape. Although analysis in terms of 
a linear model probably leads to correct values for the mean 
slope of the load elongation for the elastic elements of the 
model over the experimental range, the interpretation of the 
width of the loop becomes more complicated and requires 
some expression for the departure from non-linearity, 
although sufficient accuracy can be obtained for the small 
correction required to obtain the real part of the compliance. 
Solution of the differential equation for the behaviour of an 
assembly of non-linear visco-elastic elements is extremely 
difficult, but it is possible to determine the behaviour of a 
single non-linear Voigt element of a suitable type; the curve 
in Fig. 11 shows the type of hysteresis loop that can be 
obtained from the Burte-Halsey model (1947, see also Peters 
and Speakman 1948). The distortion of the loop from an 
ellipse can be reversed according to whether one considers 
deformation in a region before or after the point of inflection 
in the spring line of the model. There is no reason to doubt 
that the same would apply to a model using any other spring 
line showing a point of inflection. Examination of the loops 
obtained from nylon show that they all correspond to a 
spring line of the type found after the point of inflection of 
the spring line, i.e. spring line concave towards the load axis. 
The hysteresis loops obtained for wool (Warburton 1959) 
departed less from the elliptical form and distortions in both 
directions were found. One can conclude therefore that the 
experiments on wool were made in a region close to the 
point of inflection of the spring line. Another type of spring 
line which shows the necessary characteristics is that given 
by the statistical theory of elasticity for the non-Gaussian 
network (Stuart 1956, p. 325). On either model the com- 
parison of the results for nylon and wool would suggest 
that nylon 66 fibres are much more highly oriented than 
those of wool. 

Another consequence of the non-linear behaviour of the 
nylon is that the calculated compliance will depend to a 
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certain extent on the mean extension. Although an 
endeavour was made to keep this constant for all measure- 
ments, it could only be kept approximately so and this 


| = 


Force | 


Extension 
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Fig. 11. Hysteresis loop for Burte—Halsey element. 


factor will contribute to the scatter of the points in Figs 3 
and 9. 

The reduction factors which have been already used to 
construct master curves for the dynamic modulus data can 
also be used as a guide in constructing similar curves for the 
breaking time data. In so doing it is assumed that the 
reduction factors for internal viscosity, which have been 
used for the dynamic modulus data, apply also to the break- 
ing time experiments, despite the fact that one factor applies 
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to small extensions and the other to all extensions up to bre 
If this is done any remaining difference between the data f 
different ambient conditions is attributed to a change in th 
strength of the structural elements. With the breaking ting 
data the changes in breaking stress required to produ¢ 
coincidence are likely to be small, so that the shifts to & 
applied to the log time scale will be determined almo; 
entirely by changes in viscosity. This is in contrast to t 
dynamic modulus experiments, where the changes in co 
pliance were sufficiently large to have an appreciable influen¢ 
on the change required in the log frequency scale. T 
factors to be applied to the log time axis in the breaking tin’ 
experiments should therefore be compared with the sum ¢ 
the factors used in the modulus experiments. 

The reduced curves of log stress and log breaking ti 
shown in Figs 12 and 13 have been obtained by the use ¢ 
reduction factors which correlate well with each other an 
also with those used in constructing the curve in Fig. 9. 
ali three curves the data have been reduced to 62% r.f 
(3:85% regain). Further, the curves in Figs 12 and If 
differ only in that the curve in Fig. 13 is displaced a distan 
1:2 towards lower log breaking times than that in Fig. 12 
thus correlating the effect of temperature on the two he I 


PROPERTIES OF NYLON 


mena, i.e. dynamic modulus and life under load. The | 
reduction factors used for the two axes are shown in Fig. 
(a and 5); Fig. 14(a) also shows the sum of the log facto 
used for constructing Fig. 9 (the sign being changed sind 
log frequency is negative log time). It will be seen that ai 
the values fit a single curve within the limits of experiment 
accuracy. 

One can make, therefore, the generalization that the effe 
of temperature on both the dynamic modulus and life und 
load of nylon fibres arises from a reduction in internal flui 
friction of such a magnitude that an increase of 15 deg ci 
temperature (from 25-40° cc) reduces the friction in t 
ratio 1:15. The effect of moisture is more complicated i 
that, in addition to a decrease in fluid friction, additions 
further moisture reduces both the elastic properties an 
strength of the structural elements. The curve in Fig. 14¢ 
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Abstract 


An experimental technique has been developed for the 
measurement of the temperature distribution in the 
deformation zone and in the chip and tool during ortho- 
gonal cutting. The term orthogonal cutting is used for 
the special case where the cutting edge of the tool is 
perpendicular to the direction of relative motion of the 
workpiece and tool. 

The method involves photographing the chip, tool and 
workpiece in a plane perpendicular to the cutting edge, 
using an infra-red sensitive photographic plate. The 
optical density of the plate is determined over the relevant 
field by means of a microdensitometer. A heated tapered 
strip, on which the temperature distribution is measured 
by means of a series of thermocouples, is photographed 
simultaneously with the tool and workpiece. This enables 
the optical density of the plate to be calibrated in terms 
of temperature, and the temperature distribution over the 
chip, tool and workpiece can hence be determined. 

The effect of surface emissivity and of other factors on 
the accuracy of the technique are considered, and the 
results of an experiment using the photographic technique 
are presented and discussed in relation to previous 
theoretical and experimental work. 


1. Introduction 


NE of the important factors in metal cutting is tool 

wear and this is thought to be closely related to the 

temperatures existing at the wearing surfaces of the 
tool. Friction at the tool surfaces is also likely to be affected 
by these temperatures. For these reasons a number of 
investigations have been carried out in the past into the 
temperatures developed during metal cutting. 


tool 


rake face 


c 


pats face 


D B 
Fig. 1. Orthogonal cutting. 
/// heat sources. 


In the orthogonal cutting of a continuous chip (Fig. 1) 
the work of cutting appears as three main heat sources; heat 
generated over the region AB, known as the shear zone, or 
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shear plane, due to the deformation of the work material 
frictional heat generated in the region of the chip—toa 
interface CB due to the chip sliding over the tool rake face: 
frictional heat at the work-—tool interface DB. With ¢ 
perfectly sharp cutting tool this last heat source may not b 
present. This paper describes a photographic techniqu 
which has been developed for the measurement of tempera! 
tures generated in the tool, chip and workpiece. 


2. Previous work 


In previous experimental and theoretical work the 
temperatures in the shear zone, chip and tool have usually 
been considered separately. | 

Among the analytical studies of shear zone temperature 
Weiner (1955), by assuming that heat conduction in th 
workpiece in the direction of motion could be neglected} 
solved the heat transfer equation for the temperature dis 
tribution in the workpiece when the shear zone constitute 
a plane heat source of uniform strength. Rapier (1954 
used a relaxation technique to obtain the temperatures i 
the workpiece with the same assumptions regarding the sheai 
zone. The results of both workers agreed regarding thé 
average value of the shear zone temperature. 

Among the experimental studies of the temperatures in thd 
workpiece, Nakayama (1956) used a thermocouple technique 
to determine the proportion of the shear zone heat conducte 
into the workpiece, and thus obtained an indirect measure 
of the average shear zone temperature. His results agree 
well with the predictions of Weiner and Rapier. Reichenbac 
(1958) embedded thermocouples in the workpiece anc 
recorded the temperature transients as they passed throu 
the shear zone into the chip. From these results he was abl 
to plot the temperature distribution along the shear zone 
Hollander, however, in the discussion of this paper, pointe 
out that it was likely that the thermocouples would no 
maintain their accuracy owing to the severe deformation t 
which they would themselves be subjected. Hollander (1959 
and Hollander and Englund (1957) used first thermocouples 
and later a microradiation pyrometer to determine the tem- 
perature distribution in the workpiece, but unfortunately 
made no measurements in the region of the shear zone. 

In studying analytically the temperature distribution in the 
chip, Rapier (1954) assumed that heat conduction in the 
direction of motion could be neglected and that the heat 
source in the region of the chip—tool interface was a plane 
heat source of uniform strength along its length. His result: 
showed that the maximum temperatures occurred on the rake 
face of the tool some distance from the cutting edge. This is 
the region where ‘crater’ wear of the tool takes place; the 
results, therefore, agree qualitatively with the predictions of 
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Trent (1952) based on a consideration of the mechanism of 
tool wear. Reichenbach’s thermocouple technique gave 
temperatures in the chip in qualitative agreement, though 
much lower in magnitude, than those predicted by Rapier. 

Analytical work of Chao and Trigger on temperatures in 
the cutting tool showed maximum temperatures on the rake 
face some distance from the cutting edge, and later work 
(Chao and Trigger 1958) included the effect of a frictional 
heat source at the flank face. 

In the work-tool thermocouple technique (Herbert 1926) 
the e.m.f. generated at the junction of the tool and workpiece 
and chip indicates only an average temperature over the 
areas of contact. The temperature readings obtained by 
this method would be expected to be substantially lower than 
the maximum temperatures predicted by analytical methods. 


3. Experiment 


The principle of the technique was that of obtaining an 
infra-red photograph of the side surfaces of the workpiece, 
chip and tool during orthogonal cutting and simultaneously 
a photograph of a heated calibration strip, the temperature 


distribution of which was obtained by independent means. 


The photograph could then be calibrated for temperature 
distribution by means of the picture of the furnace. 

The apparatus employed in the technique is shown 
schematically in Fig. 2. The cutting operation was orthogonal, 


Fig. 2. Experimental arrangement. 


A, work; B, camera; C, tool; D, furnace; E, thermocouple 
leads; FF’, cables from transformer. 


in which the tube, 2in. in outside diameter and with an 
4 in. thick wall, was machined in a lathe with a cutting tool 
slightly wider than the wall of the tube. 

A plate camera having an f/4-5 lens was focused on the 
A filter was 
fitted to the camera lens to exclude visible light and the 


% camera encased in aluminium foil to prevent infra-red 
4 radiation from penetrating the bellows. 


It was also found 
necessary to erect screens round the apparatus to prevent the 


| reflection of daylight from metallic surfaces in the vicinity of 


the apparatus. 
A calibration furnace was arranged immediately below the 


| tool so that the furnace and the tool, chip and workpiece 


could be photographed simultaneously. The furnace con- 


| sisted basically of a tapered strip of soft copper—nickel alloy 
- through which a heavy electric current was passed. This 


gave a linear variation in electric heating along the strip 
and an almost linear temperature distribution along its 
length. The temperature of the strip was measured at eight 


_ points along its length by chromel—alumel thermocouples 
239 
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folded inside the furnace strip and brazed (Fig. 3). With 
3.v applied to the terminals the temperature distribution 
along the strip ranged, approximately, from 300° c to 800° c. 
A shield on the furnace protected the strip from draughts 
caused by motion of the lathe chuck and prevented chips 
from damaging the thermocouple leads. 


(a) 


b 

(b) (c) 

Fig. 3. Method of insertion of thermocouples in furnace 
strip. 


(a) Holes drilled in strip. 
(6) Ends of thermocouple leads twisted, brazed and inserted 


in holes. 
(c) Strip folded along axis then cut to shape. 


The fastest infra-red photographic plates available were 
Kodak I.R.E.R. fine-grain plates, which were sensitive down 
to a light wavelength of 0:7 4. Measurements were made 
with these plates of the relationships between exposure time, 
the temperature of the surface photographed and the resulting 
optical density of the plates (Fig. 4). These results were 


—— 
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400 
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10 Exposure (s) 
Fig. 4. Sensitivity of Kodak I.R.E.R. plates at f/4-5. 


obtained by photographing the calibration furnace using 
various exposure times and measuring the resulting distri- 
bution of optical density of the plate with a microphotometer. 
The curves indicate that for a given exposure the useful range 
of the plates was approximately 200degc, the range 
increasing at shorter exposure times; they also show that the 
lower limit of temperature measurement was approximately 
500° c for an exposure of about 15s. 

With the workpiece initially at room temperature it was 
expected that, with the cutting conditions employed in these 
experiments, the shear zone temperature would be in the 
range 200° c to 300° c. This was below the useful tempera- 
ture range of the photographic plates and it was therefore 
decided to pre-heat the workpiece and raise its initial 
temperature to about 350°c. It was found that this pre- 
heating of the workpiece had the additional advantage of 
improving the cutting conditions by the thermal softening of 
the material. 

The radiating surfaces of the workpiece, tool and calibra- 
tion furnace strip were given a thin coating of lamp black 
to ensure that they would have similar values of emissivity. 
As the technique was one of comparing, by photographic 
means, the temperatures of two objects, then, provided the 
emissivities of the two objects were similar, the actual value 
of emissivity was unimportant. 
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After pre-heating the workpiece and obtaining steady 
cutting conditions with no built-up edge fragments detectable 
at <100 magnification either on the tool cutting edge or the 
underside of the chip, the photographic plate was given an 
exposure of approximately 15s. The actual exposure time 
was not critical. 

An example of an infra-red photograph obtained under the 
above conditions is given in Fig. 5. The distribution of 


Fig. 5. Infra-red picture of orthogonal cutting process. 
optical density of the plate was measured by means of an 
automatic recording microdensitometer fitted with a circular 
aperture of 0-01 mm diameter. 

The distribution of optical density along the centre line of 
the picture of the calibration furnace was first obtained 
(Fig. 6) and the recording compared with a graph of the 
actual temperature distribution along the furnace strip; this 
enabled further records of optical density taken from the 
same plate to be interpreted in terms of temperature. 


Distance along calibration furnace strip Cin.) 


The photograph of the workpiece, chip and tool was t 
examined by obtaining records of optical density distributi} 
along a series of lines spaced at 0-005 in. intervals. The 
readings, together with the calibration relationship obtain} 
from the picture of the furnace, enabled the isotherm patte 
to be drawn to a large scale (Fig. 7). | 

A typical record of optical density distribution alon 
path such as AB in Fig. 7 is shown in Fig. 8. The temperatu 
distribution along AB shows the variation in temperature 
which a particle of the work material was subjected as: 
passed through the shear zone into the chip. Twenty suj 
records were used to construct the isotherm pattern of Fig. 

The points on the records defined by sudden changes _ 
optical density indicated the boundaries of the workpie 
chip and tool, and when plotted enabled the geomet} 
picture of the cutting process to be accurately superimpos} 
on the isotherm patterns. 


4. Discussion of results 


The picture of the temperature distribution in the wo 
piece, chip and tool obtained by using the technique descri 
in this paper was representative of the average temperat 
distribution occurring during a period of about 15s. 4 
both the cutting tool and the camera were rigidly secured 
the lathe saddle, the temperature distribution for the cutti 
tool would be expected to be reasonably accurate. T’ 
results for the workpiece and chip, however, would have be 
affected by any change in the cutting conditions whilst t: 
plate was exposed. Examination of the chip produced duri 
the test showed that the chip thickness did not vary by m 
than 4%. This would not have affected the results si 
ficantly except those near the free surface of the chip. 

The accuracy of the results depended also on the u 
formity of development of the photographic plate. To gi 
even development of the plate surface it was brushed duri 
processing and, under these conditions, the variation 
density may be 4% from the centre to the edge (Loftus 195 
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Fig. 6. Microdensitometer record along picture of calibration furnace. 


BRITISH JOURNAL OF APPLIED PHYSICS 


240 


VoL. 12, May 1961 


. 
— 


Cutting conditions: 


tool rake angle, 10° 


/ As the pictures of the furnace and workpiece, chip and tool 
i were small and were arranged equidistant from the edge of 
4 the plate, it was expected that the errors resulting from this 
effect would be negligible. 
’ The temperatures obtained were those existing at the side 
| surfaces of the workpiece, chip and tool and were estimated 
| to be 2 or 3 degc lower than the temperatures within the 
| material, owing to the effect of radiation losses. 
| The effect of the differences in emissivity of the radiating 
surfaces was also estimated to be small. The density of the 
| photographic plate gives a measure of the energy emitted by 
) radiating surfaces, and this is proportional to the emissivity 
of the surface and to its temperature raised to the fourth 
power. Assuming that the emissivity of the calibration 
| furnace strip surface was 1-0 and that of the work or tool 
‘surface 0:9, the apparent temperature would be approxi- 
|) mately 0-97 of the real temperature, i.e. the result would be 
3% low. In the experiments, all the surfaces were coated 
with lamp black and it is expected that the emissivity of the 
surfaces would not vary as much as the example quoted above. 
This paper describes a technique with which it is hoped to 
| examine, in detail, the temperatures existing in the workpiece, 
chip and tool in a variety of cutting conditions and then to 
compare the results with those obtained by analytical methods. 
| A few tentative comments may be made, however, on the 
| results presented here. 
| The position of maximum temperature at the tool rake 
face, some distance from the cutting edge, qualitatively agrees 
| with the work of Rapier (1954) and Trent (1952) though the 
magnitude of this temperature (about 100 deg c above the 
average chip temperature) is not as high as that predicted 
using Rapier’s analysis for these conditions (250 deg c above 
average chip temperature). His assumption of a plane heat 
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Fig. 7. Temperature distribution in shear zone, chip and tool during orthogonal cutting. 


—O— = isotherms. 
—{J— = shear zone boundary. 


work material, 0-14 carbon steel (bright drawn) 
cutting speed, 111 ft/min 

undeformed chip thickness, 0:0119 in. 
deformed chip thickness, 0-032 in. 

tool material, Ardaloy carbide tip Grade S 200 


tool clearance angle, 7°. 


source at the chip-tool interface would lead to an over- 
estimation of maximum temperatures on the tool rake surface, 
because the heat source extends over a substantial width of 
chip. 

In Fig. 8, the abrupt change in slope of the curve of optical 
density shows the point at which the material was leaving the 


ydensity record curve used in construction 


f of isotherm patterns 
X 


shear zone 


chip 


Temperature (°C) 


Fig. 8. Typical microdensitometer record through shear zone 
showing change in slope at X, a point on the shear zone 
boundary. 


area of heat generation, and thus marks one boundary of the 
deformation or shear zone. Similar characteristics were 
obtained with all the records taken through the shear zone 
and the points at which the change in slope occurred are 
plotted in Fig. 7. The curve CD, through these points, 
therefore defines one boundary of the shear zone. The 
temperature distribution along this boundary is plotted in 
Fig. 9 and is qualitatively similar to Reichenbach’s (1958) 
result. The steep temperature rise near the tool point is due 
to the presence of the frictional heat source at the chip-tool 
interface. In previous theoretical work the presence of this 
second heat source has been neglected when determining the 
temperature distribution along the shear zone. 
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Fig. 9. 


Shear zone temperature distribution. 


5. Conclusions 


The photographic technique for the measurement of metal 
cutting temperatures has limitations. The sensitivity of the 
infra-red photographic plates is such that an exposure time 
of 10 or 15s is required. The resulting photograph is an 
average of the temperature conditions prevailing during the 
exposure period and thus only stable cutting conditions may 
be examined by this technique; also high local temperatures, 
which may occur for short periods, will not be observed. In 
order to obtain complete temperature patterns for the work- 
piece, chip and tool it is necessary to pre-heat the workpiece 
between 350° c and 500° c, and also maintain cutting con- 
ditions which will not give maximum temperatures of more 
than 200 deg c above the initial workpiece temperature. This 
usually means that the cutting speed must be kept relatively 
low. It is also necessary to obtain conditions resulting in a 
smooth, continuous chip having a rectangular cross section, 
and the difficulty of obtaining such conditions increases as 
the cutting speed decreases. 

The accuracy of absolute temperature measurement is 
reasonably good and, in view of the comments made in 
Section 4, it is expected that the values obtained may be 
2 or 3% low. The accuracy of the isotherm patterns, how- 
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ever, should be better than this as the construction of t 
patterns depends on temperature differences, and the resul 
show that differences of 20 deg c are well defined. 

It is hoped that, by using the photographic techniqu: 
valuable information will be obtained regarding the shar 
and extent of the areas of deformation in orthogonal cuttin 

The results presented indicate that future theoretical wor 
on shear zone temperature distribution should include th 
effect of the frictional heat source at the chip-tool interfac. 
Theoretical work on tool and chip temperatures shoul 
examine the effect of the deformation and resulting heé 
generation within the chip in the region of the tool-chi 
contact area. Work is being carried out by the auth¢ 
along these lines. 

Measurement of the cutting forces simultaneously wit 
temperature measurements will, in the future, enable diree¢ 
comparisons of the measured temperatures with thos 
obtained by analytical techniques. 
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Abstract 


The paper describes a simple method of calculating ultra- 
sonic relaxation frequencies in polyatomic gases. The 
mechanism of relaxation is explained as a resonance 
phenomenon by assuming a_ characteristic rotational 
oscillation frequency of gas molecules in ground state, due 
to the interaction field of neighbouring molecules. Using 
infra-red vibration and electronic frequencies given by the 
ionization potential, in the relation f = (1/27)/(3hv«?/4r®) 
the relaxation frequencies are evaluated for carbon 
dioxide, carbon disulphide, nitrous oxide, sulphur dioxide, 
ammonia, acetaldehyde, benzene, methane and chloro- 
methanes, and are in close agreement with the experi- 
mental data. The method is absolute and does not involve 
calculation of parameters such as partition functions and 
collision probabilities. 


Introduction 


dispersion of ultrasonic velocity in gases with frequency, 

exhaustive data have been accumulated on several gases 
and vapours under varied experimental conditions such as 
pressure and temperature. The dispersion in gases is also 
accompanied by an anomalous absorption. Herzfeld and 
Rice (1928), Kneser (1931) and Rutgers (1933) developed the 
relaxation theory originally suggested by Jeans (1925). The 
theory states that the interchange of external energy of trans- 
lation and internal energy of rotation or vibration of gas 
molecules no longer keeps pace with rapid pressure alterations 
produced by high-frequency sound waves. With the rapid 
adiabatic changes, the vibrational degrees of freedom no 
longer have time to attain equilibrium. With increase of 
frequency, therefore, the vibrational energy does not contri- 
bute towards the heat capacity. The lowering of heat capacity 
at higher sound frequencies gives rise to an increase in 
velocity. The theory assumed the loss of the whole vibra- 
tional contribution in a single step and the rotational energy 
term was included in the external energy. Bourgin (1929) 
suggested multiple transitions for both rotational and 
vibrational energy levels. 

Schwartz, Slawsky and Herzfeld (1952) calculated the 
relaxation times quantum-mechanically, by evaluating the 
probability of vibrational de-excitation for typical encounters 
between pairs of molecules. The results for vibrational 
relaxation times thus calculated for several gases and vapours 
have been given by Schwartz and Herzfeld (1954), Tanzcos 
(1956) and Dickens and Linnett (1957). The order of mag- 
nitude of calculated relaxation times roughly compares with 
the experimental data. (See Table 1, column 5.) 


S22 the first observation by Pierce (1924, 1925) on the 


* Now at the Indian Institute of Technology, Bombay. 
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In the present paper, the relaxation frequencies for poly- 
atomic gases and vapours have been calculated by using the 
Lennard-Jones potential and London forces. 


2. Intermolecular forces and ultrasonic dispersion 


The ultrasonic dispersion and anomalous absorption occurs 
in the low-frequency region of 20 to 5000 kc/s. Richardson 
(1934) and Jatkar (1939) indicated that molecules showing 
high absorption and dispersion possess resonating structures 
in the majority of gases. Some non-resonating molecules 
like carbon tetrachloride, chloroform, methylene chloride, 
etc., also have been found to show absorption and dispersion. 
The most important property of these molecules is that they 
are optically anisotropic. Traces of impurities alter the dis- 
persion region to a great extent (cf. Knudsen and Fricke 
(1940)). The change in pressure also shifts proportionally 
the dispersion region, a fact made use of by most of the 
investigators. 

The ultrasonic absorption band shown by the gases is very 
broad. This may be due to a spectrum of relaxation times 
unresolvable owing to their close situation. In the present 
work, such an occurrence of a number of relaxation fre- 
quencies very close to each other has actually been observed. 

Consider an anisotropic molecule like carbon dioxide. It 
will have a minimum two degrees of freedom of rotation, 
the rotations being around the axis through the centre of 
gravity of the molecule. 

All the molecules are not, however, in the same energy 
state. According to the Boltzmann’s distribution, the number 
of molecules in a particular energy level is given by 
n; = Ng exp (— U;/kT), where ng is the total number of 
molecules and the other terms carry the usual significance. 
The number of molecules in the ground state will be 
(ny — &n;). These molecules in the ground state will have 
no degree of freedom for rotation. If two such molecules in 
the ground state approach each other, after collision they 
will undergo mechanical rotational oscillation. One can 
postulate, therefore, that there will be a natural frequency of 
these rotational oscillations. Ordinarily these rotational 
oscillations will have a small amplitude, but they will be 
excited by the propagation of sound waves if the wave period 
corresponds to the natural frequency of the rotational 
oscillations. Under such conditions a resonant absorption 
can take place, and as the amplitude of rotational oscillations 
will be maximum under the excited condition, the hindrance 
in rotation will give rise to an ineffective transfer of energy 
from translation to rotation and from rotation to vibration. 
This causes a partial knocking-out of vibrational heat 
capacity, giving rise to the dispersion of velocity at higher 
sound frequencies. 

Since these rotational oscillations of molecules are governed 
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by the interaction field of neighbouring molecules, one can 
write, for the natural frequency of rotational oscillations, 


f = (/2m)V/(C/) (1) 


where J is the moment of inertia of the molecule and the C 
is the couple acting on the molecules. At resonance, the 
ultrasonic relaxation frequencies should be identical with 
these rotational oscillation frequencies. 

In order to evaluate these frequencies there has been sub- 
stituted for C: (i) the interaction energy between a pair of 
molecules given by the Lennard-Jones potential function; 
(ii) interaction energy given by London dispersion forces; 
and (iii) the total attraction given by dispersion forces, 
orientation and induction effects. 

The Lennard-Jones potential has been evaluated from 
P(r) = 4e{(a/r)!? — (a/r)®}. The parameters used in the 
calculation given in Table 1 are taken from Hirschfelder, 
Curtiss and Bird (1954). The values of f calculated from 
f = (/2m)V/{(r)/T} are given in Table 1 and compared 
with the experimental values and the calculated values of 
Schwartz, Slawsky and Herzfeld (1952). Especially in 
carbon dioxide, the agreement between calculated and 
experimental results is better than in Herzfeld’s method. 


Table 1. Lennard-Jones potential and ultrasonic dispersion 
i 
elk o Ti Calculated Observed 
Substance (x) (x 108 cm) (x 1049 g cm?) (ke/s) (ke/s) 
Carbon 190 3-996 70°6 cy 1G Bi (a) 
dioxide 362123(@) LOZ (e) 
Nitrous oxide 220 3-879 66:0 176 155 (d) 
Carbon 448 4-438 253 425 380 (d) 
disulphide 
Methane 143 93-832 B)963} 259 1250p) 
55 (e) 
Carbon 471 S528 487-6 2104 4200 (g) 
tetrachloride 2600 (e) 
Methyl 414 4-044 2502400 = ISO (A) 
chloride 63-6 770 840 (zg) 
930 (e) 
Methylene 398 =. 4-783 26-2 4700 2270 (h) 
chloride MBAS — (SIND) 
120 (e) 
Chloroform A379 15213459259 3000 9500 (g) 
3400 (e) 
Sulphur 252 4-290 123 129310408 (a) 
dioxide Be) 574 2000 (i) 


(a) Schwartz, Slawsky and Herzfeld (1952) (extrapolated from 
their data on the probability of complex excitation). 

(b) Pielemeier (1943). 

(c) Buschmann and Schafer (1941). 

(d) Fricke (1940). 

(e) Tanzcos (1956). 

(f) Eucken and Aybar (1940). 

(g) Fogg, Hanks and Lambert (1953). 

(A) Sette, Busala and Hubbard (1955). 

(i) Lambert and Salter (1957). 


By substituting London’s dispersion energy for C in Eqn (1) 
the rotational oscillation frequencies have been evaluated for 
a number of gases and vapours. These results have been 
given in Table 2. The Eqn (1) reduces to: 


f = (1/2m)\/{Ghve2)/4r61} (2) 


where « is the polarizability of molecules, r is the inter- 
molecular distance and v is the electronic frequency, such 
that hv is the ionization potential. In addition to this 
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electronic frequency, a series of infra-red vibration fre 
quencies have also been substituted for v. The results giver 
in Table 2 indicate that while the rotational oscillation fre 
quencies calculated by using infra-red frequencies represen. 
the onset of an S-shaped dispersion curve (cf. Figs 1-3), the 
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Fig. 1. Dispersion and absorption versus (f/p) in carbon © 


dioxide at 30° c. 
x— x = theoretical curve. 


O—O = velocity data, by Richards and Reid (1934). 
A—A = absorption, by Fricke (1940). 

(1 = Overbeck and Kendall (1941). 

® = Sujir (1948). 
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Fig. 2. Dispersion and absorption versus (f/p) in carbon 
disulphide at 30° c. 


O —O = velocity data, by Richards and Reid (1934). 
x—* = absorption, by Fricke (1940). 
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Fig. 3. Dispersion and absorption versus (f/p) in nitrous 
oxide at 20° c. | 


O —O = velocity data by Richardson and Railston (1935). | 
X—xX = absorption, by Fricke (1940). 


value of f calculated from electronic frequency lies near th: 
inflection point, and the upper region of the dispersion curv: 
is limited by the value of f calculated from the Lennard-Jone: 
potential. | 

The fact that the infra-red frequencies are also responsibl 
for ultrasonic absorption at low frequencies signifies tha 


Vo. 12, May 1961. 
| 


y 


Substance 


i, Carbon dioxide 


Carbon disulphide 


Nitrous oxide .. 


Sulphur dioxide 


/ Ammonia 


Acetaldehyde 


Methane 


' Carbon tetrachloride .. 


Methy]! chloride 


_ Methylene chloride 


. Chloroform 


Benzene 
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Table 2. London forces and ultrasonic dispersion 


r xX 106 
(cm) 


5-68 


4-913 


Gril 


6:88 


DS) 


TS32 


MENTS 


4-486 
4-486 
3-25 

2-763 


2-665 


a x 1025 
(cm3) 


DOS) 


30-00 


Biey 


DAS 


46-72 


26:0 


105 


I x 1040 
(gcm?) 


70-6 


253 


66-0 


(P23) 


85-5 


4-698 


22-36 


5-298 


487-6 


y 
(cm—1) 
667 
1285 
2349 
111092 (e) 
B97 
657 
523 
81205 (e) 
582 
1285 
Paipees 
104.000 (e) 
519 
ih Sith 
1361 
99 411 
B 
SY) 
Itsy 
1361 
99411 
B 
931 
1627 
3410 
92700 (e) 
B 
931 
1627 
3410 
92700 (e) 
B 
512 
1000 
3 000 
1306 
1526 
2914 
3 020 
104 647 (e) 
218 
458 
797 
1546 
92 402 
90 872 (e) 
90 872 (e) 
91 436 (e) 


91999 (e) 
B 
671 
1037 
1485 
3099 
74.478 (e) 


Calculated 


385 
2378 


fin (kes) 


Observed 
17,37 (a) 


24 (b) 
102 (c) 


380 (6) 
153 (6) 


1040 (6) 
2000 (d) 


1040 (b) 
2000 (d) 


896 (e) 


600 
2 ae Y) 


125 (g) 


4200 (h) 
1130 (g) 

840 (h) 
2270 (i) 


9 500 (A) 


2000 (7) 


The values of » denoted by (e) are electronic frequencies evaluated from ionization potentials taken from the recent data of 
Watnabe (1957). The rest of the values are infra-red frequencies given by Herzberg (1945); B denotes the sum of total 
interactions of dispersion, induction and orientation. 


(e) Ozdogan (1950). 
(f) Alexander and Lambert (1942). 


(a) Pielemeier (1943). 


(b) Fricke (1940). 


(c) Buschmann and Schafer (1941). 


(d) Lambert and Salter (1957). 
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(g) Eucken and Aybar (1940). 


(k) Fogg, Hanks and Lambert (1953). 
(i) Sette, Busala and Hubbard (1955). 
(j) Cheng (1951). 
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they produce small intermolecular forces. In a separate 
work (unpublished) the authors have shown that the addition 
of infra-red frequencies to the electronic frequency brings 
the value of the Van der Waals constant b nearer the experi- 
mental value. 

For polar molecules the values of rotational oscillation 
frequencies are also evaluated by using the total attractive 
force constant given by: 


B = {(3hve2/4) + (24/3kT) + 2p2a}. (3) 


An analogous treatment satisfactorily explains the dielectric 
absorption and relaxation in liquids, on the basis of rotational 
oscillation frequencies of the molecules. This work will be 
published elsewhere. 

In the light of these rotational oscillation frequencies cal- 
culated as above, the mechanism of ultrasonic relaxation can 
be explained as follows. As previously suggested by Einstein 
(1920) in the case of a dissociating gas, it is assumed that the 
energy transfer takes place from translation to rotation and 
from rotation to vibration in steps. When the acoustic 
frequency is lower than the rotational oscillation frequency 
governed by the lowest infra-red vibration, the vibrational 
energy has sufficient time to absorb quanta of sound energy 
and the gas shows a normal heat capacity. As the acoustic 
frequency slowly approaches the value of the lowest rota- 
tional oscillation frequency, the energy transfer between the 
rotational level and the first vibrational level cannot keep 
pace with the rapid oscillations in pressure produced by the 
passage of sound waves. This means that the first vibrational 
level does not contribute towards the heat capacity, thus 
giving rise to a partial increase in velocity. When the sound 
frequency increases to the next value of the rotational oscil- 
lation frequency, the contribution of this mode of vibration 
to the heat capacity also disappears. A stepwise knocking- 
out of heat capacity is therefore expected, giving rise to a 
multiple transition due to each rotational oscillation frequency 
in all gases. An experimental resolution of such multiple 
transition is not always possible, unless the rotational oscil- 
lation frequencies are sufficiently separated from each other, 
and they will be so if there is a considerable difference 
between the infra-red vibration frequencies. Sette ef al. 
(1955) and Dickens and Linnett (1957) have rightly observed 
that multiple transition can be detected in those gases of 
which the first and the second infra-red vibrations differ 
considerably from each other. When the acoustic frequency 
is identical with that rotational oscillation frequency governed 
by the electronic frequency, the loss of entire vibrational heat 
capacity takes place at this stage. Since the predominant 
inter-molecular forces are due to electronic frequency, the 
maximum resonant absorption also takes place at this fre- 
quency. The main broad absorption peak is also expected 
to be composed of a series of minor peaks due to other 
rotational oscillation frequencies. 

The polarizabilities used in the present calculations are 
the arithmetic mean of the parallel («)) and perpendicular 
(«,) polarizabilities of the molecules. However, it is 
reasonable to use only parallel polarizability of the molecule 
under consideration. Since the rotational oscillation fre- 
quency is directly proportional to «, a correction may be 
applied to the values of f given in Table 2, by multiplying 
by the ratio (%j/«,;). According to the data given by 
Hirschfelder, Curtiss and Bird (1954), the ratios (x)\/¢)) are 
1-55 for carbon dioxide, 1-72 for carbon disulphide, 1-62 
for nitrous oxide, 1-48 for sulphur dioxide and nearly unity 
for the rest of the molecules under present considerations. 
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The corrected value of f is in very good agreement with t 
experimental data, especially for carbon dioxide and nitrou 
oxide. The values of f,, (Table 2, column 6) are correcte 
in this way for carbon dioxide, carbon disulphide, nitrou 
oxide and sulphur dioxide. 

The mean free path r used in the present work is calculates 
from the relation r =1/,\/27no* which is deduced on th 
assumption that molecular velocities are distributed accordin 
to the Maxwell’s distribution law. The actual molecula' 
velocity fluctuates considerably from the root mean squar 
value. Thus the intermolecular distance between a pair a 
molecules also fluctuates considerably about the avera 
value of the mean free path. Such variations in the molecul 
distance sensibly affect the relaxation frequencies, and ar 
responsible for the broadening of the absorption maxima. _ 

The shift of the ultrasonic dispersion region with pressur 
can be explained as being due to the change in the interactio1 
field between the molecules. When the pressure is increase 
the molecular distance r is diminished and hence the rotationa 
oscillation frequency increases, resulting in the shift of th 
dispersion region to a higher frequency range. 

The mechanism of molecular rotation assumed is confine¢ 
only to those molecules librating in the anisotropic molecul 
field, and such molecules are obviously those whose rotation: 
energy does not enable them to rotate freely, i.e. the dispersio1 
is due to molecules in ground state. The effect of increas¢ 
in temperature will be to reduce the number of molecule: 
showing ultrasonic absorption and dispersion, which may b 
shifted to higher frequencies or disappear at the low 
frequencies. 

It has been observed that the values of rotational oscillatio 
frequencies given by infra-red vibrations lie on the onset 
the dispersion curve. By evaluating the Planck—Einstei 
functions for the contribution of vibrational heat capacit 
C;, using these infra-red vibrations, and subtracting it su 
cessively from the total heat capacity, it is possible to co 
struct a theoretical velocity-frequency dispersion curve. Thy 
dispersed velocity in carbon dioxide at 30°c has bee 
calculated in this way using the relation 


| 


eeRT Gee. é 
M En, = (Cx 


V-h 


where ¢ is the correction factor for the ideal gas state give 


by 
s1-2 Hi-}  g 


The loss of vibrational contribution has been calculate! 
by assuming that the deformation vibration vanishes firs 
then the symmetrical and lastly, its degeneracy. Thy 
mechanism avoids a steep rise in velocity at low frequencie 
(near 15 kc/s) and the theoretical curve is nearer to t 
experimental points. Since the calculated relaxation fre 
quencies represent the midpoint (inflection) of the sigmoi 
curve, the theoretical curves can be superposed exactly on th 
experimental velocity curves, if the dispersed velocity value 
(calculated) are plotted at twice the value of calculated relaxé 
tion frequencies. It is interesting to note that the absorptio 
peak at 24 kc/s observed by Fricke (1940) exactly coincide 
with the value of relaxation frequency due to an entire los 
of vibrational contribution. 

The results of these calculations are given in Table 3 an 
shown graphically in Fig. 1, together with the experimenté 
data on velocity and absorption. Figs 2 and 3 show th 
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Table 3. Dispersed velocity in carbon dioxide at 30° c 
Infra-red vibrations i Cre Vv 
lost (ke|s) (cal mol—1 deg c—1) (ms) 
— _ — 270-8 
i 36 on 18 0-159 ANE 
Ay ap iy oe 30 0-163 PAINE T 
mer, 1 Vp + vs .. 31 1-059 MUSES 
| Se 36 1-955 283-0 


dispersion and absorption in carbon disulphide and nitrous 
oxide respectively. The vertical lines on the graphs indicate 
the dispersion frequencies f given in Table 2. 


Summary and Conclusions 


The ultrasonic relaxation in polyatomic gases observed in 
the low-frequency region has been explained as a resonance 
phenomenon. The relaxation frequencies for several gases 
and vapours have been evaluated by postulating a charac- 
teristic frequency of gas molecules in the mutual field of inter- 
molecular interaction. The calculated relaxation frequencies 
using London forces show an exceedingly close agreement 
with the observed values. From the knowledge of simple 


molecular constants like moment of inertia, ionization 
4 potential, mean free path and the polarizability, the dispersion 
¥h region of any gas or vapour that is expected to show a 
\4 vibrational relaxation can be predicted. 
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Abstract 


No quantity can be measured exactly, but only within a 
tolerance, however small; ‘exact’ measurement would 
require infinite information. Likewise conceptual ideas 
such as ‘unit impulse’ cannot be exactly realized, but they 
have realizable ‘metrical’ counterparts, which are approxi- 
mations within a tolerance specified in advance. 

Most of the difficulties associated with the Fourier 
integral vanish if the conceptual unit impulse (Dirac delta 
function with Dirac’s limit closed), which plays an impor- 
tant part in the derivation of that integral, is replaced 
by a form in which the limiting technique is maintained. 
This form may be regarded as the output voltage resulting 
when a conceptual unit impulse of current flows in a unit 
‘pure’ resistance shunted by residual capacitance. It can 
be represented as a function of time by the expression 
n le—'/H(t), where y, representing there sidualc apaci- 
tance, is vanishingly small but not zero. It is the 
presence of this quantity 1 which remoyes all ambiguities 
and difficulties. 

In the usual treatment of this question in terms of 
Jordan’s lemma, a residual term is neglected which is 
estimated in terms of the size of a relevant integrand; if, 
however, the oscillatory nature of this integrand is also 
taken into account, the residual is found, as here shown, 
to be an absolute zero. 


1. Introduction 


O quantity can be measured exactly, but only within a 

specified tolerance, however small. Thus a resistor 

made to a tolerance of +20°%% having a nominal value 
of 10 might be expected to have an actual resistance of 
any value between about 8 Q and 1242. If the tolerance was 
reduced to +10%, +1% or even +0°1%, the possible 
variation of the actual resistance would be reduced and the 
cost of the resistor would be correspondingly increased, but 
it is not possible to make a resistor whose resistance is exactly 
10Q. From the point of view of information theory, how- 
ever, even if the resistance could be measured exactly, it 
could not be specified. This is made clear by writing the 
required value of the resistance as 10-:000000...2; the 
specification that each figure after the decimal point is to be 
a zero requires log, 10 bits of information, and therefore 
N log, 10 bits are required for N zeros. This tends to infinity 
with N. 

Likewise, there are many conceptual ideas useful in electro- 
magnetic theory for which exact realization, or even unam- 
biguous and verifiable specification, is not possible, but there 
are realizable and specifiable ‘metrical’ counterparts which 
can resemble the original conceptual idea within an arbit- 
rarily close tolerance. One of these conceptual ideas, which 
is of vital importance in the study of the Fourier integral, is 
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the unit impulse (Dirac delta function). Now, although tl 
understanding of electrical phenomena is often greatly helpe 
by regarding an arbitrary waveform f(t) as made up ¢ 
spectral components, there are considerable mathematic 
difficulties associated with the Fourier integral, which 
explicitly or implicitly involved in any analysis in terms « 
spectral components. Such analysis can be carried out t 
first expressing the arbitrary waveform as a sum or inte 
of impulse functions, and then analysing each impulse inj 
spectral components. The difficulties associated with tk 
Fourier integral arise because the impulse function used 
wrongly specified. If this conceptual impulse is replaced by: 
specifiable and realizable counterpart, all the difficulti 
vanish, as will be shown in § 2. 

This realizable metrical counterpart of the unit impul 
could be derived in a purely mathematical manner, but 
is more illuminating not to disdain the help of intuiti 
based upon physical considerations.* The excitation will 
regarded as the voltage resulting when a conceptual u 
impulse of current is delivered through a unit pure resistan 
If, however, the unit pure resistance has associated with it 
residual shunt capacitance 7, the output voltage will 
slightly but significantly different from a conceptual ur 
voltage impulse. This output voltage is the required ‘metric 
unit voltage impulse, in contrast to the ‘conceptual’ urt 
current impulse which gave rise to it. The remarkable cog 
vergence of the modified Fourier integral based upon t 
metrical unit impulse is brought about not so much by th 
smallness of the integrand as by its rapid oscillation (fd 
large values of the frequency variable of integration); t 
convergence is discussed in § 3. 

Another form of inadequate specification based up 
misuse of conceptual ideas (which is likely to cause rin 


confusion when, as here, fundamental ideas and principl 
are under consideration) is a strictly common-sense stateme 
of the form ‘The voltage between these terminals is 230 v 
Literally interpreted, this means that the voltage has bee 
230 v since the beginning of creation, and will remain s 
until the end of eternity, whereas the idea in the mind ¢ 
anyone making such a statement is usually that the voltag 
is 230 v for all relevant times, and that for other times th 
value of the voltage does not matter. Now the proper valv 
by means of which to express a quantity which does ne 
matter is zero. The voltage in question could therefore hav 
been better specified as 230{H(t — a) — H(t — b)} volt 
where H(x) means Heaviside’s unit-step function, zero fc 
negative x and unity for positive x. For this expressic 


* For example, van der Pol (1937) gives a very succinct di 
cussion of shot noise, and shows how analysis in terms of tl 
conceptual impulse leads to infinite noise power, which becom: 
finite when stray capacitance is taken into account. 
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means exactly what it says and is a complete specification for 
all values of the relevant variable t. The voltage in question 
was zero (or irrelevant) before time a, and zero (or irrelevant) 
after time b, but was 230 v at times between a and b, within 
which interval the experiment was begun and completed. 
More generally, a properly specified function, say f(f) of time 
t, must be defined for all possible values of the argument 
(here 7). Usually it will be like an island in the middle of a 
(one-dimensional) ocean: only different from zero for a small 
range of values of the argument. Thus in the example quoted 
the ‘island’ is only above the ‘ocean’ for times between a and 
b, both near the present time; in this case the island has 
steep ‘cliffs’ at times a and 5, but this is not essential for 
adequate specification. 

When the specification contains Heaviside unit-step 
functions, there will usually be an obvious reason for their 
presence, such as the start or finish of the experiment at 
particular times. In astronomical problems, however, the 
‘state equations’ for the universe must necessarily be 
‘stationary’; otherwise special acts of creation or destruction 
have to be postulated. The limited epoch of observable 
phenomena (which are the subject matter of science) does not 
conflict with the stationary properties postulated for the 


_umiverse, since the universal presence of entropy (which in 
the physical world resembles forgetting in the mental world) 
|, enforces this apparent limitation of epoch from the point of 
\ view of mankind. 


2. ‘Metrical’ modification of the Fourier integral 


For the present investigation, perhaps the most useful way 
to derive the Fourier integral is to start with the ‘spotting’ 
identity 

ioe) 
F@ = i SG = DEAN (1) 


in which 8(x) represents the conceptual or idealized Dirac 


, function described by the equations 


SC ee = 0) I Yeowbe= ib (2) 


if Dirac observed that in general 6(x) could be used to obtain 
| the same results as if a more cumbersome limiting form (as 
| given, for example, by van der Pol 1937) were used instead. 


Egn (1) is a truism if 6(¢ — A) means the conceptual impulse 


| specified by Eqn (2); to make it more than a truism, d(t — A) 


must be expressed in terms of other functions. In particular, 
if 5(x) is expressed in terms of sinusoids, and thus replaced in 


i Eqn (1) by dp(x) where 


ioe) 


SIN Wox 
cos wxdw = 


10 1 
al edz = =| 
271 7 Jo TX 


—ico 


je (3) 


' we obtain the classical Fourier expression together with all 


the associated classical ‘ifs and buts’. We should note first 


| that the last member of Eqn (3) does not tend to any limit 
} as wo tends to infinity. This is only a symptom that all is 
| not well; the essential point about Eqn (3) is that its formula- 
| tion or specification is defective. 


Van der Pol (1937) gives a number of expressions which 


' approach 6(x) when some parameter tends to a limiting value. 
To these might be added the expression 


1 [ Labs (4) 
2atV joo LA nz 


Sb n(X) = 
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which reduces to Eqn (3) if 7 is made zero, but not if 7 tends 
to zero. The expression (4) is suggested as worth con- 
sideration by the idea mentioned above that a voltage impulse 
might be regarded as the output when a conceptual unit 
current impulse is applied to a pure unit resistance with 
which is associated some parallel capacitance (represented 
by the normalized, dimensionless number 7) however small. 
But it is shown below that 6,,(x) depends critically upon the 
sign of 7 however small 7 may be; thus 


One) tae oH) 7 >0 (5) 


on(x) = — (oH —a) 7<0 (6) 
where H(x) is Heaviside’s unit-step function, zero for negative 
x and unity for positive x. Now Eqns (5) and (6) are radically 
different however small 7 may be, and this indicates that 
replacing 7 by zero is inadequate. For positive 7, 5,,(x) is 
zero for negative x, large and positive for x small compared 
with 7, and small and positive for x greater than say Sn. 
For negative 7, however, 6,,(x) is the reflection of this about 
the line x = 0. For any 7 different from zero, the integral (4) 
can be exactly evaluated, that is to say, it is possible to find 
a value zg or iw, of the variable z of integration such that 
increasing z/i beyond wy makes a contribution to the integral 
which is less than any assigned quantity. If 7 is zero, how- 
ever, we saw from Eqn (3) that this cannot be done, and the 
integral remains a function of wp. The significant difference 
between Eqns (5) and (6) is that, for positive 7, 5,,(x) is zero 
for negative x whereas, for negative 7, 5,,(x) is zero for 
positive x. This is related to the existence of entropy and 
the ability to distinguish past from future. The remarkable 
convergence of the integral in Eqn (4) is worth further 
investigation, which is given in the next section. 

If in Eqn (1) S(t — A) is replaced by 6,,(t — A) derived 
from Eqn (4) (with 7 positive) the usual form of the Fourier 
integral is replaced by a ‘metrical’ form, namely 


Fi) = [ Fo (ae fm ean 


If 7 is regarded as arbitrarily small, this can be reduced to 


(7) 


io) 


F(t) = lim 


n—>0 ~—oa 


een FA)H(t— Add 8) 


but it is more fruitful to reverse the order of integration. A 
sufficient condition to permit this is 


ice) 
$ =| |F(O|dr is finite (9) 
— 
and this is satisfied by any F(t) which genuinely represents a 
conceivable state of affairs. When we use Eqn (9)'to reverse 
the order of the limits, we obtain the ‘metrical Fourier 
integral’ in the form 


Feil A FO A); 


and this integral has the great advantage that there are no 
contradictions or ambiguities, and only straightforward 
mathematical procedures are required. The only restriction 
on F(t) is specified by Eqn (9) and this is a restriction which 
should be welcomed, since it is automatically satisfied by the 


€ 


F(t) 


(10) 


zt dz 
a 
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only functions with which a physicist or engineer is con- 
cerned, namely those which are capable of representing states 
of affairs. 


3. The convergence of the ‘metrical impulse’ integral 


In the last section it was noted that, although Eqns (5) 
and (6) could be derived by the method of residues from 
Eqn (4), the remarkable convergence of the ‘metrical impulse’ 
integral specified by Eqn (4) called for further investigation. 
This convergence is brought about not so much by the small- 
ness of the integrand for extreme z as by the rapid oscillation. 
Adequate advantage is not taken of this rapid oscillation in 
the usual development in terms of Jordan’s lemma. In the 
following development a form of Dirichlet’s integral is used 
instead to obtain the necessary extra precision. 

In Eqn (4), put zx = i0; it reduces to 


1 ik edé 
= ie — co 9 — (ix/n) 


The doubtful sign in Eqn (11) is that of x; its presence is due 
to the fact that the limits of integration for # contain the 
factor x. The integral in Eqn (11) is now split up into an 
infinite series of similar integrals; a typical member of this 
series has the limits of integration from (2r — 1) to (2r + 1)z, 
and in this the variable of integration is changed from @ to 


Sm(x) = (11) 


(8 + 2rc). Eqn (11) is thus equivalent to 
do 
= ———— . 2 
Om(x) = £ onl 3 28 — (ix/n) + 2ra a 
But it is well known* that 
ay cot d (13) 


Ee ae 
so that (using sgn x to denote +1(x > 0) and —1l(x < 0)) 


Sn) = San f ye%aB cot 40 — (ixin)} i 
_ sgn x - ef + e—x/n 
2rin fai 8 — e 4/n ay 


which, by the substitution A = exp (i0), reduces to 


sexe [yes 
8.n(X) a 4nin ffi ar é = e—x/n hue 


C being the unit circle. Now if x/7 is positive the integrand 
in Eqn (16) has one pole within the unit circle C, whereas if 
x/n is negative, this pole is outside the unit circle and contri- 
butes nothing to the integral. The residue at the pole is 
2 exp (—x/7). By systematic arrangement of the various 
sign possibilities, we thus arrive at Eqns (5) and (6). and 
there is no associated residua] quantity whatsoever. 

This is in sharp contrast to the usual treatment in terms of 
Jordan’s lemma, in which the integral (4) is treated as a 
contour integral, completed by means of the left or right hand 
great semicircle as appropriate. Eqns (5) and (6) now follow 
only upon the assumption that the contribution of this great 
semicircle can be neglected; if this is taken to be of large 
radius R, we have, on substituting Re’? for z 


(16) 


| aan contribution] = 


Lie 7/2 eRx(cos6 + isin iRe*ad 1 ei 
Qi |S 1+ 7 Re'® 2am n/2 


* See, for example, Jolley (1925, p. 126, Eqn (425)). 
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Substituting 6 = ¢ + 7/2, and taking account of symmetz| 

this reduces to 

m/2 
ease: 


|great-circle contribution] < — a 


Over the range of integration, sin 6 > 2¢/7, so that finally) 


1 | 
Rey ot 


; uber pes 
|great-circle contribution| < = | e tksindh = 
9 | 


In formulating inequality (17) we have only taken into accou! 
the maximum possible size of the integrand, and have cor 
pletely ignored its oscillatory nature. By this procedure, tl 
definite statement of Eqn (5) must be replaced by 


1 1 
On(x) — —-e*"A(x)| < = 10 d 
| 2 | Read | 
so that if we are considering the ‘spotting identity’, Eqn (i 
when S(t — A) is replaced by 8,,(t — A) and F(A) is say, 2 
exponential, we have to account for a residual term 
eno 


Se fe wo 2R(t — rie. 


instead of being able to proceed immediately to Eqn (8). I 
ordinary language, the radius R of the great semicircle — 
supposed to tend to infinity in such a way as to make 2 
which has an arbitrarily large exponential factor in t 
numerator of its integrand, tend to zero. There does n 
appear to be any satisfactory way of overcoming this di 
culty without making use of the oscillatory nature of t 
integrand as was done in deriving Eqn (16), and it cannot 
too strongly emphasized that in fact Eqns (5) and (6) a 
true without any residual whatsoever, so that the ‘spotti 
integral’, Eqn (1), can be applied universally on the assum 
tion that d(¢ — A) is replaced by 5,,(¢ — A) with 7 arbitrari 
small, but not zero. The restriction that F(A) must 
capable of representing a state of affairs so that ¢ in Eqn (4 
is finite has already been noted; it was imposed so that t 
order of integration could be reversed to derive Eqn (10 
For Eqn (8), however, it is only necessary that F(A) shou 
not grow more rapidly than exp («A) where « is finite. 


(i! 


4. Conclusions 


If a voltage impulse is regarded as a conceptual curre 
impulse flowing in a pure resistance shunted by residual str: 
capacitance, a satisfactory and realizable representaeeea 
obtained. This realization is in fact exactly represented b 
dm(t) in Eqn (5), although the usual analysis in terms c 
Jordan’s lemma fails to make clear the extreme accuracy 
the representation, because it does not take into acco a 
the oscillatory nature of the relevant integrand as well as it 
smallness. 
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Abstract 


| The work is a contribution to the understanding of the 
| mechanism of electric breakdown in liquid dielectrics. 
The liquid dielectric chosen throughout the experiments 
(| was n-hexane, because an extensive literature exists on 
{ the breakdown of this material. The applied voltage was a 
rectangular pulse of different durations supplied from a 
125 kv, five-stage Marx—Goodlet impulse generator. A 
| novel rotary multiple electrode containing eight pairs of 
| electrodes was incorporated in a simple and efficient 
| fractionation-filtration unit. A protection circuit, incor- 
i porating an inyerter and a trigatron, limited the duration 
‘| of breakdown current. 
4 A series of photographs of the state of n-hexane under 
} the applied electric field was taken by Schlieren technique, 
‘Y using a spark light-source and a still camera. A statistical 
‘| survey of the results shows the formation of a region of 
very low refractive index at the cathode. It is suggested 


“ branches, which propagate towards the earthed electrode. 


1. Introduction 


dielectrics was mainly concerned with the conditions 

prevailing in electrical apparatus. These were, basically, 
breakdown due to secondary effects like the presence of fibres, 
.| chemical impurities, water particles and electrode effects 
| (Hirano 1945, Lewis 1953, Watson and Higham 1953). 
| Present investigations have been largely associated with 
| breakdown due to the physical properties of liquid dielectrics, 
| and to achieve this aim there has been tremendous progress 
| in experimental techniques. The secondary effects in most 
, cases have been eliminated. 
| Attempts to correlate experimental results with theories of 
breakdown processes are made difficult by the fact that there 
has been a considerable dispersion in the results obtained by 
any one worker. The deficiency in the information available 
is in the actual breakdown mechanism. The main difficulty 
in this work is the very short time involved, which is of the 
order of microseconds. 

The author has concentrated his investigations on the 
transient state of liquids subjected to an electric field, with 
the aim of obtaining direct knowledge of the mechanism. So 
that the physical nature of the dielectric liquid should be 
) clearly known, n-hexane has been selected: this is an ali- 


| Pesees work on the electrical breakdown of liquid 


* Now at the National Iranian Oil Co., Tehran, Iran. 
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phatic hydrocarbon of simple molecular structure on which 
an extensive literature on breakdown exists. (Crowe 1954, 
Goodwin and Macfadyen 1953, Green 1955, 1956, Macfadyen 
1955, Sharbaugh, Bragg and Crowe 1955, Sharbaugh, Cox, 
Crowe and Auer 1955.) 

Pre-breakdown and post-breakdown states of the liquid 
were photographed by a Toepler—Schlieren system. This is a 
technique rendering visible, on a viewing screen or photo- 
graphic film, small local variations in the refractive index of 
a transparent medium. 

There were two light sources available, one a mercury 
vapour used for aligning the optical components and the 
other a Libbesart spark gap giving a flash of very short 
duration for photography (Prescott 1952). A high-speed 
cathode-ray oscilloscope in conjunction with a camera was 
used to record the voltage across the test gap. 


2. Experimental apparatus and techniques 


2.1. The control circuit. The electronic control system 
enabled the firing of a spark light source to be delayed for a 
definite time with respect to the front of a high-voltage 
rectangular pulse. The control circuit also governed the 
duration of the high-voltage pulses and, through the protec- 
tion circuit, minimized the damage to the electrodes and the 
liquid dielectric after each breakdown. 

Figure | shows a block diagram of the electrical circuit. A 
positive pulse from a remote push-button pulser was applied 
to a single-shot multivibrator producing a rectangular pulse. 
This pulse was applied to a cathode follower through a 
differentiating network and a trigger amplifier. The pulse 
from the cathode follower triggered the first stage of a soft 
valve delay unit, which had a two-fold purpose. It started 
the time base of a cathode-ray oscilloscope and, after a fixed 
delay, it triggered its second stage, producing three pulse 
signals. 

The first signal triggered a 3 kv hydrogen thyratron whose 
output fired a five-stage Marx—Goodlet impulse generator. 
The second signal through a variable soft valve delay unit 
triggered a 7 kv hydrogen thyratron, which in turn fired the 
chopping gap of the impulse generator. This determined the 
duration of the impulse wave applied to the Jiquid dielectric. 
The third signal was applied to a two-stage soft valve delay 
unit whose output triggered a 3 kv hydrogen thyratron, which 
fired the spark light source. When the dielectric broke down 
a signal was generated which, through the 7 kv thyratron, 
fired the chopping gap and thus terminated the applied 
voltage. 

2.2. The impulse generator. The high-voltage supply was 
generated by a 125 kv five-stage Marx—Goodlet impulse 
generator. This was built from 1 pF capacitors, capable of 
withstanding a charging voltage of 25 kv, in a single column 
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mounting. The circuit was designed to give an output 
voltage with a very short rise time and a long decay time. 
Consequently, a rectangular pulse could be obtained by 
chopping the voltage at a predetermined short time after its 
initiation. Both initiation and chopping were performed by 
trigatron units (Husbands and Higham 1951). 


push 
button 


single-shot 
multivibrator 


trigger 
amplifier 


cathode 
follower 


| 


thyraton delay -3kV 
pulser unit pulser 


-7kV 
pulser 


| 


triqger 
amplifier 


chopping 
gap 
— 


impulse 
generator 


inverter 


Hel 


test protection 


cell circuit 


Fig. 1. Block diagram of electrical circuit. 


When the liquid dielectric broke down a pulse was generated 

across a resistance in series with the test gap. This pulse, 
irrespective of its polarity, fired the chopping trigatron thus 
short-circuiting the test gap. The duration of post break- 
down current through the test gap was reduced to less than 
1 ps by the operation of the protection system. 
2.3. The rotary multiple electrode system. In order to avoid 
the influence of electrode surface on the breakdown mechanism 
and to obtain a reliable and reproducible electric strength, it 
was necessary to use a pair of unblemished electrodes and a 
liquid sample free from impurities for each breakdown. With 
the Schlieren arrangement there was also the necessity of 
keeping the electrodes aligned in the optical axis. 

To accomplish the above requirements a rotary multiple 

electrode system was designed, containing eight pairs of 
electrodes. The construction was simple and any electrode 
configuration—point, plane or sphere—could be used. The 
gap length was adjustable to any desired value and the 
electrodes could be mass produced. 
2.4. The fractionation-filtration system. A circulatory 
fractionation-filtration system incorporating the test cell is 
shown in Fig. 2. The aim was to reduce the system to its 
simplest form, while retaining the main purpose of providing 
a chemically pure liquid dielectric in the test cell, free from 
fibres and particles. 
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e coc aviap 


__ thermometer 


condenser 


__— reflux head 


no.3-5 filter 


to vacuum ——— 


fractionation | 
column 


test cellN 
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Fig. 2. The circulatory fractionation system. 


The inlet and outlet to and from the test cell were flexi 
plastic tubes. This enabled the test cell to be aligned in tl 
optical axis without disturbing the distillation system. 
liquid was collected in the test cell by raising the outlet tu 
above the desired level of the liquid. By lowering the out 
tube the test cell could be drained. This had a great advanta 
over the previous systems used in that neither a tap n 
vacuum drainage was needed. The liquid dielectric pass 
through a few cycles of fractionation and filtration before 
was subjected to an electric field. 

2.5. The Toepler—Schlieren optical system. Fig. 3 shows | | 
schematic diagram of the optical system. A plane mirror 


i —spark light photographic screen 


~—— optical ary 


\ ie: 


Hq light— 


Fig. 3. The Schlieren system. 


M, movable plane mirror; Ky, source slit; Lj, collimator 
head; Ko, limiting slit; is Schlieren head; K3, Schlieren | 
diaphragm. | 

| 


placed at 45° to the optical axis made it possible to seles 
either a spark source or a continuous mercury light source 
which later could be focused by a condenser lens on t 

source slit K;. This enabled the optical components an 
test cell to be aligned very accurately. | 
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The Schlieren diaphragm K, was placed at the focal plane 


| of the Schlieren head. The sharp edge of K; was vertically 


if 


| mator head L,. 
| view, which was decided by the electrode configuration. The 


adjustable to within 70 in. by a micrometer drive. The 


| diaphragm could also rotate through 200° about the optical 


axis. 
The source slit was placed at the focal point of the colli- 
A slit K,, close to L;, limited the field of 


Schlieren head L, was a lens identical with L,. None of the 
lenses in the optical system showed any internal Schlieren 
effects. 


3. Results 


The photographs presented in Figs 4 and 5 were selected 
from many experimental results, taken by the Schlieren 


eT TRS 3 us 


21 ps 


10 us 


Fig. 4. Schlieren pictures of n-hexane at a field strength below 

breakdown. Time measured in microseconds from the instant 

of field application. Pulse duration, 10 us; field strength, 

300 kv/cm; gap length 1-5 mm; point—plane electrodes with 
print cathode. 


technique to show the state of the liquid n-hexane under the 


|influence of an applied electric field at increasing time 


intervals, from the instant of field application. 

The experimental results were obtained with the liquid at a 
temperature of 20-25° c and under normal pressure, without 
conditioning either the liquid or the electrodes. 

The point-plane electrode configuration permitted large 
gap spacing without excessively high voltages. A gap length 
of 1-2mm was used to give a clear picture of the inter- 
electrode space. 
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Rectangular pulse voltages were applied to the electrodes, 
starting from a voltage about half of the expected breakdown 
voltage and increasing in steps until the breakdown occurred. 
A recording of the high-voltage waveform was taken with 
each breakdown, thereby enabling the time of breakdown, to 
be assessed. In the electric field prior to breakdown a 
region of lower refractive index than that of the surrounding 
liquid was observed at the cathode. The extent of this 
region increased with time and with increase in field intensity. 


3 us 


5:6 us 10 us 


Fig. 5. Pre-breakdown Schlieren pictures of n-hexane leading 
to breakdown. Time measured in microseconds from the 
instant of field application. Pulse duration, 17-5 ws; break- 
down after 12 ws; field strength, 310kvcm; gap length, 
1-5 mm; point—plane electrodes with print cathode. 


It was also observed at field strengths as low as half the 
breakdown field strength. There was no visible change in 
the refractive index of the liquid when a positive instead of a 
negative rectangular pulse was applied to the point of the 
point—plane electrode system. 


4. Discussion 


The experimental evidence provides a clear qualitative 
picture of the behaviour of n-hexane under field strength at 
pre- and post-breakdown values. As the voltage increases 
from zero, positive ions accumulate at the converging field 
near the point cathode and set up an intense local field, 
resulting in cathode emission. 

The electrons emitted from the cathode gain energy in the 
field and cause a streamer to start at the point, which may 
span as much as half the gap within 1 ys. The initiating 
streamer, which is followed by a series of stepped streamers, 
develops in the form of numerous branches which propagate 
until the earthed electrode is reached. 

There is a remarkable similarity between the experimental 
results and the mechanism of natural lightning. Both pheno- 
mena appear to start with an electron avalanche rushing 
towards the plane from the negatively charged cloud or point; 
but the relative distance reached by the avalanche in the case 
of n-hexane seems to be much smaller than in the case of 
lightning. 

A stepped streamer may penetrate to over 90% of the gap 
length without causing breakdown, but once it reaches the 
earthed electrode a heavy return stroke rushes to the point 
and breakdown of the Jiquid dielectric results. 

The streamers grow with increase in voltage and time. 
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They have been recorded at a field strength as low as half the 
breakdown field. 

Below breakdown field strength the growth of the streamer 
reaches a limit in size which does not change with increase in 
voltage duration. This is probably because the electric field 
intensity drops rapidly on leaving the point electrode to mid- 
gap values insufficient to cause ionization. An alternative 
reason may well be that loss of energy in exciting charac- 
teristic modes of vibration associated with carbon-hydrogen 
bonds is large enough to arrest any further propagation of 
the streamers (Sharbaugh, Cox, Crowe and Auer 1955, 
Lewis 1956, 1957). 

Above a certain field strength, if enough time is allowed, 
the stepped streamers bridge the gap and breakdown occurs. 
This explains the increase in breakdown voltage with reduc- 
tion of its duration and also explains the contradiction which 
exists between groups of investigators particularly as far as 
point—plane electrodes are concerned. With point electrodes 
at positive polarity no trace of any streamer has been recorded, 
but there is a need for further study before propagation by 
streamer can be ruled out. 

The work presented is only an opening into a most fas- 
cinating field, and it is hoped that future studies will even- 
tually provide a complete explanation of electric breakdown 
in liquid dielectrics under all conditions. 


New books 


Elektronische Hilfsmittel des Physikers. By W. GRUHLE. 
(Berlin, Gottingen, Heidelberg: Springer, 1960.) Pp. 
viii + 200. Price DM 29.60. 


Dr. Gruhle’s book, entitled Electronic Aids for the Physicist, 
is aimed at the experimental physicist who wants to design 
electronic measuring instruments in the course of his work 
in other branches of physics. It is ‘neither a large textbook 
nor a collection of circuit diagrams’, but provides the basis 
for learning to design one’s own circuits by explaining the 
principle of the conventional solutions to specific problems 
in electronics. 

The book begins with a discussion of circuit elements and 
goes on to deal with the generation of signals, a concept 
which includes a short section on radiation detectors. A 
chapter on the modification of signals discusses, inter alia, 
linear and non-linear amplification, stretching and delaying 
of pulses, and pulse shaping. There is a chapter on the 
combination of signals, and one on signal recording. The 
book concludes with a chapter on current and voltage 
stabilization. 


| 
| 
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in electronics. The task of the English-speaking reader 
made somewhat easier by an English translation of the mo 
ingenious inventions in German terminology. It is a pi 
that, by British standards, the price (around £3) seems rath 
high for a book of this size. M. M. BLUHM 


Modern university physics. By J. A. RicHArps, F. 
Sears, M. R. WEHR and M. W. ZEMANSKY. (Londor} 
Addison-Wesley, 1960.) Pp. xvi + 1006. Price 53s. 


This book of about a thousand pages covers somewhd 
more than half the topics of an ordinary degree course 
physics. A great deal of effort has clearly gone into findi 
simple derivations of important results, and the authors ha 
not hesitated to confine themselves to a short qualitati 
account where a proper treatment might have been t 
difficult for a student taking an ordinary degree. T 
resulting level of presentation is probably below that requir 
in most British Universities. Some suggestions for furth 
reading would have been particularly valuable in a book G 


This is an intelligent presentation of the fundamentals of this type. There is a large number of simple examples. 
electronics for the working physicist who is not a specialist A. HERZENBERG | 
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Abstract 


Silver films deposited in a vacuum chamber previously 
f flushed with an inert gas, helium, exhibit less aggregation 
| as shown in electron micrographs and reduced ageing as 
‘determined from electrical conductivity, as compared with 
films produced under the usual high vacuum procedures. 
It is concluded that in general flushing the vacuum chamber 
with helium is of value in producing stable, compact and 
‘ pure evaporated films. 


Vit 
y 


UR NE of the major reasons for the difference in structure 

| between an evaporated film and the corresponding 
bulk material is the gas which is occluded in the film 
laurine its deposition. Two methods have been used to reduce 
the amount of occluded gas: high rates of deposition (Sennett 
and Scott 1950), and ultra-high vacuum (Bachmann ef al. 
1960). A third method, which is described here, is the use 
of an inert gas, helium, as the residual gas in the vacuum 
chamber. 

A conventional 12 in. diameter evaporation unit with a 
275 1|./min oil diffusion pump was employed; it was equipped 
with a liquid air trap and had provision for discharge cleaning 
of the film substrate. The procedure for flushing the vacuum 

chamber to leave helium as the residual gas was as follows: 
| the chamber was evacuated to a pressure of 10-4mm Hg 
‘and then helium was admitted until the pressure rose to 
10-! mm Hg; the pressure was then allowed to fall to 
10-4 mm Hg and helium again admitted. The flushing was 
tepeated at least three times before the pressure was reduced 
to the final operating value of 10-°mmHg. It can be 
assumed that after several flushings with helium, the number 
‘of air molecules remaining in the chamber had been so 
reduced that the residual gas was essentially helium rather 
jthan air. The term air is loosely used here for the residual 


‘organic vapours. 

\; To study the influence of the residual gas on film structure 
K and properties, two sets of silver films were evaporated—one 
set under ordinary conditions, i.e. with air as the residual 
gas, and a second set when the vacuum .chamber had been 
flushed with helium. Other factors influencing the structure 
of the film were kept the same. Silver films were prepared 
with different initial resistances in range from 10* to 10’ ohms 
‘per square. One set of films were deposited in air, the second 
in helium. The films were formed on glass strips with 
electrical contacts as described by Chandra and Scott (1958). 
The initial resistance was noted immediately after deposition 
of the film and then readings were taken at regular intervals 
up to about 40 minutes after which time the resistance 
remained constant. The changing resistance during the 
period immediately following deposition is a measure of the 
ageing of the film. The thickness of the film was determined 
‘by the multiple interference technique. 

The results showed that for all thicknesses the silver films 


Use of helium flush in the vacuum deposition of thin films 


by G. N. SRIVASTAVA, Ph.D., and G. D. SCOTT, Ph.D., Department of Physics, University of Toronto, Canada 


formed in helium had a significantly lower final resistivity 
than those formed in air. The effect on the ageing of the 
silver films was quite marked. Fig. 1 shows the ageing of 
silver films with an initial resistance of 107 ohms. For films 
produced in ordinary vacuum the resistance increases about 
twenty times in 40 minutes, whereas for films deposited in 
helium the increase was only about ten times. Also shown 
is the effect on ageing made by the use of the liquid air trap. 
In the case of much thicker films a decrease in resistance 
occurs with ageing. For example, with silver films with an 
initial resistance of 10* ohms the final resistance is about 
50% of the initial resistance when the film is deposited in air, 


241 eX 


20 ee iL. : 5 


with liquid air trap 
------ without liquid air trap 


! 4. L 
0 5 10 15 20 % 30 35 40 45 
Time in minutes 
Fig. 1. The change in resistance of silver films with time for 
films evaporated under different conditions. 


(a) i (bi 


(a) it Chali 
Fig. 2. Electron micrographs of silver films. 


(a) evaporated under ordinary conditions: (i) 40 A; (ii) 105 A. 
(b) evaporated with a helium flush: (i) 40 A, (ii) 108 A. 
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whereas the change is only to 60% when the film is deposited 
in helium. It can be stated that in general there is less ageing 
of the films, that is the final value of resistance is nearer the 
initial value, when the film is deposited with helium as the 
residual gas rather than air. 

Electron micrographs were taken of silver films of different 
thicknesses deposited in air and in helium. Typical micro- 
graphs are reproduced in Fig. 2. For thinner films, i.e. about 
40 A ‘mass’ thickness, the difference in gross structure pro- 
duced by the two conditions of evaporation is not significant. 
However, for thicker films, i.e. about 100 A, the effect is 
quite marked. The film deposited in helium is much more 
continuous, showing only fissures, while the film deposited in 
air is highly aggregated. 

In a series of experiments with evaporated iron films the 
‘helium flush’ technique proved to be particularly useful. 
Whereas the electron diffraction pattern of iron films pro- 


Notes and comments 


5th International Conference on Ionization Phenomena in Gases 


The 5th International Conference, organized by Der 
Verband Deutscher Physikalischer Gesellschaften, Fachaus- 
schuss Plasma und Gasentladungsphysik, will be held in 
Munich, Germany, from 28th August-Ist September 1961. 

The following theoretical and experimental problems will 
be treated at the Conference: Fundamental processes in gas 
discharges: collision processes, radiation, transport pheno- 
mena, surface effects; Discharge types: glow discharge, arcs, 
pulse discharges, high frequency discharges; Diagnostic 
methods: spectroscopy, shock waves, microwaves; Applica- 
tions. The Conference will be essentially a discussion 
meeting; preprints will be prepared from submitted manu- 
scripts and distributed to participants prior to the Conference; 
the authors will then merely present a short summary of their 
work at the Conference and a Discussion Chairman will then 
attempt to initiate a lively discussion following presentation. 
Review papers and original papers, appended by additional 
remarks from the authors and contributions from the dis- 
cussions, will be published after the Conference. 

Further details are obtainable from V. Internationale 
Konferenz tiber Ionisationsphanomene in Gasen Sekretariat, 
Miinchen 1, Oskar-von-Miller-Ring 18, Germany. 


British Electrical Power Convention, 1961 


The Thirteenth British Electrical Power Convention will be 
held at Eastbourne from 12th—15th June 1961. The theme 
of the Convention will be “Electricity in the Prosperity and 
Welfare of the Nation’. Papers will include: The British 
Electricity Transmission System; Some aspects of efficiency 
and economy in distribution; The electrical power industry 
in Canada; British electrical manufacture in the national 
economy. For further information apply to the Electrical 
Development Association, 2 Savoy Hill, London, W.C.2. 
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| 
duced in ordinary vacuum always showed traces of oxic 
the patterns of iron films deposited with helium as ( 
residual gas were quite free of these impurity rings. 

It is concluded that, together with other well recognia 
factors such as cleanliness of the substrate, high rate | 
deposition and low vacuum pressure, flushing with an ini 
gas can be of great value in producing stable, compact a) 
pure evaporated films. 
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British Standards Institution 


We have recently received notice of the following n 
publications of the British Standards Institution: 

B.S. 3332: 1961— White metal bearing alloy ingots. Price 
B.S. 718: 1960—Density hydrometers and specific grav 
hydrometers. Price 10s. B.S. 2634: Part 1: 1960—Specificati 
for roughness comparison specimens, ground flat and cyl 
drical types. Price 4s. 6d. B.S. 1523: Section 2: 196 
Glossary of terms used in automatic controlling and regulags 
systems, Process control. Price 6s. 


Selected Papers on Stress Analysis, presented at T 
Institute of Physics Stress Analysis Group Conference, Del 
1959, Pp. 114 (London: Chapman and Hall Ltd. for t 
Institute of Physics, 1961). 

This publication is now available to members at a reduc 
rate of 15s. per copy (cash with order) from The Institute 
Physics and The Physical Society, 47 Belgrave Squa 
London, S.W.1. 


U.S. National Bureau of Standards 


New Publications. Research Highlights of the Natior 
Bureau of Standards, Annual Report 1960, price 65 He | 
Precision Measurement and Calibration, N.B.S. Handbo 
No. 77, issued in three volumes: Voiume J, Electricity a 
Electronics, price 6 dollars; Volume II, Heat and Mechoi 
price 6.75 dollars; Volume III, Optics, Metrology and Radi 
tion, price 7 dollars. Report of the International Commissic 
on Radiological Units and Measurements (ICRU) 195: 
N.B.S. Handbook No. 78, superseding Handbook No. 6 
price 65 cents. Climatic Charts and Data of the Rad 
Refractive Index for the United States and the World, N.B.! 
Monograph No. 22, price 2 dollars. All these publicatior 
available from the Superintendent of Documents, U::! 
Government Printing Office, Washington 25, D.C., U.S.A. 
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Abstract 


\Spectrophotometric measurements at 0-54 and 0:69 jw of 
he radiation from the ‘inside’ and the ‘outside’ of the 
nelical filament of a 12 v, 48 w car bulb run at 4.4 show 
\‘hat, owing to multiple reflection within the helix, the 
uminance of the inside is about 70% greater, and its 
icolour-temperature 50 + 1 deg kK lower, than that of the 
outside. The colour-temperature of the integrated light 
‘rom a helical filament depends critically on the angular 
(position of the receiver relative to the source. Irregular 
variations of about 10 deg k have been measured within 
|+10° of the equatorial plane of the filament mentioned, 
land similar variations for a 100v, 500 Ww = uniplanar 
\yrojection lamp. Caution is indicated in using such lamps 
yas standards of colour-temperature. 


| 
i 
al [es of a magnified image of an incandescent coiled 


)) @ tungsten filament shows that the luminance of the 
|. ‘inside’ surface of the helix is much greater than that of the 
(youtside’. This is due to multiple reflections of radiation 
jwwithin the helix (Langmuir 1915, 1916, Shackelford 1915, 
1916, 1922, Coblentz 1918-19, Holst et al. 1928). The inside 
lof the helix is, in fact, a much better approximation to a full 
radiator than is the outside (or the surface of a straight 
filament) (Moon 1936). 
‘| Since the emissivity of tungsten is not quite non-selective, 
\decreasing from about 0-46 at 0-44 to 0:42 at 0-74, at 
2800° K (De Vos 1953, Larrabee 1957), the reflectivity must 
show a corresponding increase with wavelength, and multiple 
‘lreflections must cause a reduction in colour-temperature of 
‘the radiation emerging from inside the helix. Apart from 
its academic interest, knowledge of the magnitude of this 
leffect bears on the suitability or otherwise of coiled-filament 
\lamps as standards of spectral distribution (standards of 
one peste standard illuminants). 
i 


M 


(| The problem is hardly amenable to calculation (Helwig 
41938, 1953), but, with the photoelectric spectrophotometric 
technique recently developed in connection with the N.P.L. 
\scale of colour-temperature (Gibbs, to be published) direct 
measurement is possible, and has been made. Being capable 
jof detecting, with certainty, differences of 1 deg k, the method 
is particularly suitable for this type of investigation. 

A single-coil car-headlight bulb rated at 12 v, 48 w was 
mounted with its filament horizontal, and operated at a 
‘current of 4. maintained constant to 1 in 10* by manual 
‘control monitored by a potentiometer. A 20 x magnified 
‘image of the filament was projected on to the 1cm x 1 mm 
entrance slit of a Miiller-Hilger Uvisir double monochro- 
mator. By means of a horizontal slow-motion screw on the 
source mounting, it could be arranged that the entrance slit 
selected radiation exclusively from the inside, or exclusively 
from the outside, of the helix, as shown in Fig. 1. The exit 
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slit was imaged on to the cathode of a Rank-Cintel VB59 
photocell, a type designed in collaboration with the N.P.L. for 
freedom from bulb-charge effects (Preston and Gordon-Smith 
1955). The linearity of the particular cell used had been 
verified to better than 1 in 10°. The response of the photocell 
was measured by means of an electrometer-valve bridge with 
a coupling resistor of 10!° Q. 


Fig. 1. 


Projected image of helical filament, showing the two 
rectangular areas sampled by the entrance slit. 


The colour-temperatures of the ‘inside’ and ‘outside’ 
samples of radiation were compared by reference to measure- 
ments of the ratio, for each of the two samples, of the spectro- 
photometric responses at nominal wavelengths of 0-54 and 
0:69». This ratio was interpreted in terms of colour- 
temperature by means of similar measurements on the 
integrated light from a standard lamp previously calibrated 
against the N.P.L. scale of colour-temperature (Gibbs 1961). 
In the spectrophotometry of selected areas of the car-bulb 
filament, and in that of the standard lamp, the angular 
distribution of radiation within the aperture of the mono- 
chromator would have been considerably different. The 
selectivity of the monochromator depends considerably on 
the angular distribution. A diffusing screen was therefore 
placed in contact with the entrance slit. It had previously 
been shown that, with this arrangement, symmetrical sources 
successively placed on the axis of the monochromator may 
be compared for colour-temperature with an error not 
exceeding 1 degk, irrespective of their pre-slit angular 
distributions in the aperture. 

In this way it was found that the colour-temperature of the 
‘outside’ of the helix was 2940°k and that of the ‘inside’ 
2890° k. It was inferred from the spectrophotometric data 
that the luminance of the ‘inside’ was about 1-7 times that of 
the ‘outside’. 
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If the axis of symmetry of the helix be taken to define 
spherical polar coordinates, it is clear that the colour- 
temperature of the integrated light from the filament will be 
scarcely dependent on azimuth ¢ but strongly dependent on 
polar angle 0, where (0, 4) denotes the angular position of 


(b) 


Fig. 2. Views of uniplanar projector-lamp filament with 
(a) top tilted 6° away from observer (9 = 96°),(b) top tilted 
6° towards observer (0 = 84°). 


a distant receiving element, for, as @ varies, more or less of 
the inside of each turn is occulted by the adjacent turn of 
the helix (Fig. 2). 

The dependence of the colour-temperature of the filament 
on @ within 10° of the equatorial plane was investigated 
experimentally both for the single-coil car bulb and for a 
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uniplanar 100 v 500 w projector lamp of a type often us¢ 
as a standard of colour-temperature. The latter had s 
parallel helices. Errors of coplanarity of the axes of the} 
six helices might be expected to cause an averaging of tl 
separate effects and a consequent reduction in the §-dependene 
of the integrated colour-temperature. In this lamp, howev 


2925 


2920 


2915 


Effective colour-temperature (°K) 


2910 L 
80° B5° 90° 95° 


100° 


Angular distribution of colour-temperature of a 
12 v 48 w single-coil lamp. 


Big. 3: 


2865 ] | 


Effective colour-temperature (°K) 


2850 | =} 
80° 85° 90° 95° 100° 

8 
Fig. 4. Angular distribution of colour-temperature of a 


100 v 500 w uniplanar projector lamp. 


inspection showed that the six helices were closely coplana : 
and little averaging seems to have occurred. The result 

presented graphically in Figs 3 and 4, refer to a 2mm squar: 
receiving area at about 15 cm from the source. | 
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\Notes and comments 


|Lay-out of journal 


Readers will notice that the lay-out of the journal has been 
slightly altered in that each paper now begins on a fresh page. 
The Committee has decided to start this new system at once 
‘in order to increase the speed of publication and of repro- 
|duction of reprints and also to improve the look of the journal. 
|As a result of this change a few book reviews may be published 
each month. We hope this will please those readers who 
prefer to see a few book reviews at a time rather than a large 
-|number in a special New Books section. 


Noise in Electronic Devices 


In October 1959 the Electronics Group held a short con- 
ference on ‘Noise in Electronic Devices’. The seven papers 
there presented have now been published by Chapman and 
Hall Ltd., on behalf of the Institute and Society. The re- 
tail price is 35s. Members, Students and subscribers may 
obtain one copy each, for their personal use, at the reduced 
price of 24s. Their orders, with remittances, should be sent 
to The Institute of Physics and The Physical Society, 47 Bel- 
grave Square, London, S.W.1. 


Waverley Gold Medal Essay Competition 1961 


Research is this year sponsoring The Waverley Gold Medal 
‘Essay Competition for the ninth year in succession. The 
‘Competition is designed to encourage the scientist in the 
“laboratory and the engineer in the production plant to express 
his views and translate his work into an essay that will be 
readily understood by other scientists, directors of industrial 
firms and others interested in science and technology. 

The Waverley Gold Medal, named after and bearing the 
‘coat of arms of the late Lord Waverley, together with £100 
‘will be awarded for the best essay of about 3000 words 
describing a new project or practical development in pure or 
' applied science, giving an outline of the scientific background, 
the experimental basis and the potential or actual application 
‘of the idea to industry or their importance to society. The 
essays will be judged for technical content by specialists in 
the subject, for clarity of presentation and for style. The 
entry should be written as an essay which should interest a 
well-informed layman. In assessing these essays particular 
attention will therefore be paid (a) to the logical presentation, 
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(5) to the style, and (c) to adherence to these terms of reference. 

A second prize of £50 will be awarded and also a special 
prize of £50 for the best entry from a competitor under the 
age of thirty on 31st July 1961. If the first prize is awarded 
to a competitor under the age of thirty, the special prize will 
go to the next best entry. Entry Forms can be obtained 
from the Editor of Research, 88 Kingsway, W.C.2. The last 
date of entry is 31st July, 1961. 


Modern developments in heat transfer 


The University of Minnesota announces a second summer 
course in Modern developments in heat transfer, to be held 
at the University of Minnesota, DuJuth, from 14th to 22nd 
August 1961. The first special course was presented by the 
University in 1958. The object of this second course is to 
provide a clear, basic exposition of the fundamental physical 
mechanisms underlying the various heat and mass transfer 
processes as some of the recent developments in the field are 
explored. 

A preliminary outline of the programme is as follows: 
General review and exposition of the current status and 
problems in heat and mass transfer; Inter-relations between 
heat, momentum and mass transfer; Radiation; Plasma 
physics; Heat transfer with phase change (boiling and con- 
densation); Mass transfer cooling; High-speed heat transfer; 
Properties for heat transfer calculations; Numerical methods 
in heat transfer. 

The course will be directed by Dr. E. R. G. Eckert, Pro- 
fessor of Mechanical Engineering, Director of the Heat 
Transfer Laboratory, University of Minnesota. Further 
information may be obtained from the Director, Center for 
Continuation Study, University of Minnesota, Minneapolis 14. 


Symposium on Inorganic Polymers 


A Symposium on Inorganic Polymers is being arranged by 
The Chemical Society, London, in association with the 
University of Nottingham, and will be held from 18th—2!st 
July 1961 at Nottingham. The main lectures will subse- 
quently be published by the Chemical Society in the series of 
Special Publications. Applications to attend the symposium 
should be made to the Secretary of the Chemical Society, 
Burlington House, London, W.1, before 10th June 1961. 
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Post-Graduate Course in Welding Technology 


The Institute of Welding announces the organization of a 
new one-year Post-Graduate Course in Welding Technology, 
to be held at the College of Aeronautics, Cranfield, starting 
in the Autumn Term 1961. 

The course is a compound of mechanical and civil engineer- 
ing and metallurgy and is organized with the object of 
producing a specialist in welding science and technology. 

Forms of application may be obtained from The Warden, 
The College of Aeronautics, Cranfield, Bletchley, Bucks. 


Applied Optics 

Applied Optics, published by the Optical Society of 
America, will be issued bi-monthly from January 1962. It 
will contain a leader review paper on one of the major aspects 
of optics or its applications—this review will be about 
10,000 words and will set the main subject of each issue; in 
addition contributed technical papers (about ten in each 
issue), shop and technical notes, letters to the editor, book 
reviews and news columns will be included. 

Each issue will concentrate primarily on one subject; the 
first eight issues will probably be on Optical pumping, Space 
optics, Foreign optics, Optical engineering, Infra-red, 
Information theory, Astronomy and Instrumentation. 

All orders for a three-year period, placed prior to publica- 
tion, will be entered at a special rate of $15.00 for Optical 
Society of America Members and $25.00 for Non-Members 
for the three-year period. Normal yearly subscription rates 
after that will be $6.00 for O.S.A. Members and $10.00 for 
Non-Members. For further information apply to the 
Optical Society of America, 1155 Sixteenth Street, N.W., 
Washington 6, D.C., U.S.A. 


Mining and Chemical Products Ltd. 


Mining and Chemical Products Ltd. announce the publica- 
tion of four technical booklets on the following subjects: 
Semiconductors; Thermoelectric materials; Bismuth telluride 
semiconductors; Galvanomagnetic effects and materials. 
Copies are available on request to Mining and Chemical 
Products Ltd., 86, Strand, London, W.C.2. 


Soviet Physics-Doklady 


The American Institute of Physics announce that their 
journal Soviet Physics-Doklady, now published every other 
month, will appear monthly, starting with the July 1961 issue. 

The journal is a translation of the physics section of 
Doklady Akademii Nauk SSSR—the Proceedings of the 
Academy of Sciences, USSR. Editorial policy for this 
periodical emphasizes original research, breadth of coverage, 
brevity of contributions and speed of publication. Enquiries 
regarding the journal should be addressed to the American 
Institute of Physics, 335 East 45 Street, New York 17. 


| 
] 
COMMENTS | 
175 years Verlag Friedr. Vieweg & Sohn, Braunschweig | 


On 1st April 1786, Friedrich Vieweg established i 
publishing house which still bears his name today. Dur 

its latter years the firm has mainly dealt with the publicati 
of books and periodicals in the field of mathematics, natu 
sciences and engineering, and with mathematical-scienti 
textbooks and special books. On the occasion of th 
175th anniversary the publishing house is giving prizes f 
important papers in the field of mathematics, physics a} 
chemistry, suitable for publication in book form. 
publishers will be glad to send on request details concerni| 
the conditions for the competition. 


} 


National Committee for Chemistry (Canada) | 


The XVIIIth International Congress of Pure and Appli 
Chemistry will be held in Montreal from 6th-12th Augu 
1961, in connection with the XXIst Conference of the Inteé 
national Union of Pure and Applied Chemistry (2nd—-3 
August). The programme will consist of five plenary lectur 
and approximately fifty invited sectional lectures; the ma 
divisions of the programme will be physical chemistry, appli4 
chemistry, analytical chemistry and organic chemist 
symposium. Further information concerning the Congr 
may be obtained from the National Research Coun 
Ottawa. 
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mONFERENCE REPORT 


Abstract 
A conference on the physics of polymers arranged by The 


| Institute of Physics and The Physical Society was held at 
i The H.H. Wills Physics Laboratory of the University of 
‘Y Bristol on 10th-12th January 1961. The papers presented 


in the five sessions, devoted to Chain Statistics and 


Solution Properties, Molecular Motions, Crystallinity 
(two) and Irradiation Effects, together with an Evening 


‘Lecture by Sir Gordon Sutherland, F.R.S., are sum- 
*; marized in this report. 


Wy 


ss properties such as melting point and dielectric constant. 


ish 


Introduction 


fessor M. H. L. Pryce (H. O. Wills Professor of 
Physics, University of Bristol) who expressed the 
hope that the meeting would be both timely and useful for 


ai De were welcomed to the conference by Pro- 


.| co-ordinating the diverse elements of this rapidly expanding 
| field. 


| Professor R. Ullman (Brooklyn Polytechnic, New York) 
| delivered the introductory lecture of H. Mark and R. Ullman. 
After apologizing for Professor Mark’s absence, Professor 
Ullman began a survey of ‘Expanding Areas in the Physics 
of High Polymers’ emphasizing particularly those topics less 


4) well represented on the programme. At first he recalled the 


impetus polymer science had received from the synthesis of 
stereo-specific polymers and discussed ways of determining 
‘tacticity. An average effect was shown by certain gross 
In 
special cases chemical reactivity, e.g. the rate of ester 


_| hydrolysis was altered. For local tacticity, high resolution 
‘| puclear magnetic resonance had been used by Bovey and 


Ae 


i 


| Tiers on polymethylmethacrylate and on the related poly- 
acid by O’Neill and Loebl. This could, in principle, be very 
‘useful for studying the configurations around successive 


4 carbon atoms in the polymer chain. Regarding new polymers, 


Professor Ullman singled out those which are highly con- 


1 jugated. These systems are heat resistant, conduct electricity 
‘) and show anomalous association in solution, though they 


_are often insoluble and difficult to study. The high tempera- 
ture stability of cyclized dehydrogenated polyacrylonitrile, 


| of the anomalous viscosity of polyphenylazo compounds 


prepared by A. Berlin and of the electrical resistance of the 


‘\ copper polyphthalocyanine first synthesized by C. S. Marvel 


were quoted. The use of light and x-ray scattering in investi- 
‘gating solid structure was emphasized, mentioning the 
Guinier, Hosemann and Kratky—Porod interpretations of 


‘+ data. Some of the difficulties of calculating surface area from 
ne data were examined by introducing a high angle 


cut-off (to simulate experimental conditions) on a simple 
model and the importance of the high angle data stressed. 
Finally attention was drawn to the examination of bulk 


properties in the light of new morphological discoveries. As 
an example, some photomicrographs of fracture in spherulitic 


films were shown where differences in morphology seemed to 


cause different modes of fracture. 


Chain Statistics and Solution Properties 


The first session of the conference ‘Chain Statistics and 
Solution Properties’ began with a general paper by Professor 
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G. Gee (University of Manchester) on ‘The Thermodynamics 
of Polymer Solutions’ in which he confined himself to 
amorphous, non-polar polymers. He pointed out that these 
differed from liquid mixtures only by reason of the high 
molecular weight of one component. This difference was 
reflected in the entropy of mixing, and the ideal solution law 
had to be replaced by one appropriate to long flexible mole- 
cules. A very simple statistical calculation gave a law which 
reproduced all the main experimental features but which 
required further quantitative study, especially in three regions: 
(1) dilute solutions, where neither theory nor experiment was 
very Satisfactory, (2) the absorption of moderately polar 
liquids which appeared to involve highly non-random mixing, 
and (3) the mixing of two polymeric fluids, where the limited 
experimental evidence available indicated unexpectedly low 
entropies of mixing. 

A second general paper ‘Chain Statistics—Introductory 
Lecture’, was given by Professor C. Domb (King’s College, 
University of London) surveying the field of the four papers 
following, which all adopted one particular approach to the 
theory of polymer configurations using a lattice model. 
Exact data for polymers of relatively few links were used 
and once initial small-number irregularities were damped out 
asymptotic formulae could be fitted. The method worked 
very well for the susceptibility of the two-dimensional Ising 
model where predictions could be checked against a known 
exact solution. Results obtained for the number of different 
polymer configurations and the mean square end to end chain 
length <R,,> for n links, taking account of excluded volume, 
compared favourably with those of Wall and collaborators 
using Monte Carlo methods. (In two. dimensions 
<R,”> ~ An'-48 for n steps and <R,*> ~ A’n'-29 in three 
dimensions.) Short range intermolecular forces could also 
be taken into account. The recent programming of a com- 
puter to enumerate configurations would, it was hoped, 
extend the method and enable long range electrostatic forces 
to be considered. 

Dr. M. E. Fisher (King’s College, University of London) 
considered the ‘Statistics of Polymer Molecules in Dilute 
Solution’ when the molecules are well separated. The 
principal feature of this work in which exact numerical data 
for short chains were extrapolated was the introduction of a 
Boltzmann factor 7 = exp(— Vo/kT) for every nearest 
neighbour contact of the polymer with itself, thus taking 
account of polymer-solvent interaction. The excluded 
volume effect was also included. <R,”> was found to vary 
as AnY where y depended on 7, i.e. on solvent and tem- 
perature. The existence of a Flory © point (at which y = 1) 
was clearly indicated at KT@/Vp ~ 0-26 in three dimensions 
and ~ 0:14 in two dimensions. The free energy for a chain 
of n links was found to vary as — F,,/kT=n log u(y) +a(n)logn 
(the latter term describing the excluded volume) and could 
be estimated to within 1%. Accurate calculation of the 
entropy and internal energy had revealed serious errors in 
Orr’s early estimates. 

Mr. B. J. Hiley (King’s College, University of London) 
gave a paper on the ‘Configuration of a Polymer Chain with 
Excluded Volume’. He discussed a method for the exact 
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calculation of <R,,2> in dilute solution with excluded volume 
considered. This varied as An¥ and the fractional variance 
of the distribution of <R,?> was found to be appreciably 
smaller than the corresponding Gaussian value. 

Following, Dr. M. F. Sykes (King’s College, University of 
London) spoke on ‘The Probability of Initial Ring Closure in 
the Lattice Model of a Macromolecule’. He suggested that 
the Monte Carlo investigations of Wall and his co-workers, 
of ring closures in the lattice model of a macromolecule 
could be usefully supplemented by a study of the known 
exact probabilities of ring closure for short non-self-inter- 
secting random walks. The behaviour of these was found to 
be sufficiently regular to enable extrapolations to be made 
and the results obtained were close to those of Wall. It was 
hoped to develop this method as more data became available 
from machine calculations. 

‘The Use of Electronic Computers for the Exact Enumera- 
tion of Self-Avoiding Walks’ was the subject of Dr. J. L. 
Martin’s (N.P.L., Teddington) paper. He stressed the need 
for subtlety to reduce the very large number of configurations 
to be counted. Suitable ways were (1) a flexible programme 
tohandle different lattices without rewriting, (2) using auxiliary 
configurations such as ‘tadpoles’ which could save time by 
factors of up to 150, (3) arranging walks in a simple natural 
order and (4) the use of symmetry factors (sometimes as Jarge 
as 192). The application of one programme was described 
which had given results as far as twelve steps on the quadratic, 
triangular and honeycomb lattices. 

Opening the discussion, Professor G. S. Rushbrooke 
(King’s College, Newcastle-upon-Tyne) mentioned results 
comparable with those of Domb and Sykes obtained at 
Newcastle. Professor F. C. Frank (University of Bristol) 
drew attention to the fact that the solvent contribution to 
the entropy of mixing in dilute solution was always greater in 
practice than the polymer contribution since there was not 
enough matter in the universe to dilute one high polymer 
molecule sufficiently to make the contributions equal. Pro- 
fessor Ullman raised the question of the validity of the 
extrapolation on the lattice model because there were early 
small closure problems whereas excluded volume, one felt, 
was related to long closures. Replying, Professor Domb 
mentioned the accuracy of the method in two Ising models 
where the answers were known and in agreement with Wall’s 
Monte Carlo calculations on an 800 step walk. Dr. Fisher 
showed how a linear extrapolation could be extended farther 
and farther as more and more restrictions were removed in 
the calculations. 


Molecular Motions 


The second session was devoted to ‘Molecular Motions’, 
beginning with a paper by Professor A. Peterlin (Technische 
Hochschule, Munich) entitled ‘Non-Newtonian Intrinsic 
Viscosity of Polymer Solutions’. He stated that completely 
soft molecules expanded in laminar flow. As a consequence 
of non-uniform expansion in which the close-by segments 
increased their average extension much less than the ends 
of the molecules, the hydrodynamic interaction first rose 
yielding a net decrease of intrinsic viscosity. At very high 
gradient, however, this effect reversed, so that intrinsic 
viscosity increased with the gradient. Such a dilatancy was 
found in extremely viscous polymer solutions (= 104 P). The 
finite length of actual macromolecules and their resistivity 
against rapid change of shape, however, suppressed to a large 
extent this rise of intrinsic viscosity. In later discussion, 
Professor Peterlin emphasized that he had treated one limiting 
case of viscosity. When molecules were not completely soft, 
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inner viscosity due to potential barriers (which was the othe 
limiting case) had also to be considered. 
‘Stress—Birefringence Relations for Flowing, Concentrate: 
Polymer Solutions’ was the title of the paper given by Dr. A. g 
Lodge (British Rayon Research Association, Manchester} 
He described the first results using three new pieces G 
apparatus to measure the stress ellipsoid and a section of thi 
refractive index ellipsoid in the steady shear flow of con 
centrated polymer solutions. The three methods of measurin) 
the stress ellipsoid, using pressure distributions in cone-and 
plate and parallel plate systems and the total thrust in | 
cone-and-plate system, gave discordant results for the orienta 
tion in a solution of polyisobutylene in decalin. The value 
obtained for this orientation were all different from the valu: 
for the orientation of the refractive index ellipsoid obtainee 
from flow birefringence measurements made in a concentri 
cylinder apparatus. In reply to questions, Dr. Lodge sai« 
that attempts to extend rubber elasticity theory to concen 
trated polymer solutions were being made in an effort te 
provide a molecular basis for the experimental results. | 
Professor R. M. Barrer (Imperial College, University o 
London) followed with a paper ‘Some Aspects of Diffusion 
of Penetrants in Polymers’. This phenomenon was, he A 
a valuable means of investigating the degree of crystallinit 
amount of cross-linking or of fillers and of the extent of chain 
mobility in polymers. Equally interesting were the effects o 
size and shape of the penetrant molecule and its polarity o} 
cohesive energy density on the diffusion process. In a tw 
component diffusion system, five diffusion coefficients mi; 
be measured. The relations between these were considere 
and four categories of polymer—penetrant system the 
described in terms of the relevant diffusion equation, th 
behaviour of the measured diffusion coefficients and th 
nature of the equilibrium sorption isotherms. The penetran 
diffusion coefficients were usually the important ones an 
could be strongly concentration dependent. In polymer 
below their glass transition temperature so-called anomalou 
diffusion appeared in which viscoelastic relaxation of swolle 
polymer occurred on a time scale comparable with that of th 
experiment. This gave time-dependent diffusion coefficient 
and could lead to two-stage sorption processes the first o 
which was governed by the rate of diffusion coupled witl 
elastic swelling and the second stage, in which there mig 
be practically no concentration gradients in the polymer, b 
the tempo of viscous relaxation coupled with further swellin 
and solvent uptake. 
A paper ‘Nuclear Magnetic Resonance Studies of Di 
ordered Regions in Solid Polymers’ was given by Dr. W. PB 
Slichter (Bell Telephone Laboratories, Murray Hill, N.J. 
He had examined segmental motions in solid polyethylen 
and found that for melt-grown polymers the mobility in th 
disordered regions decreased with increasing crystallinity. In 
solution-grown crystals, heating produced chain mobilit 
which varied reversibly with temperature below about 100° 
With higher temperatures, the mobility persisted after cooling 
The abundance of mobility could be made to exceed tha’ 
found in melt-grown samples and was insensitive to annealing 
Studies of the nuclear spin-lattice relaxation time showec 
marked differences between all these materials with respec: 
to the spectra of Brownian motions in the disordered regions. 
In the discussion, Dr. Slichter stated that crystalline- 
amorphous ratios could be determined if the absorption fre- 
quencies of the two regions were separated; they were ir 
polyethylene but not in Nylon 66. The question was raisec 
of differences between dilute solution and melt crystallizec 
specimens, which this work had shown not to be identical 
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Dr. L. Mandelkern (National Bureau of Standards, Washing- 
ton, D.C.) referred to recent results of Chiang and Flory who 
{ had found differences in melting temperatures of 12 to 15° c 
\ between the two types of specimen. At this point fuller 
') discussion had to be curtailed. 
\ The next paper ‘Dielectric and Mechanical Properties of 
| Polyoxymethylene’ by B. E. Read and G. Williams (N.P.L., 
') Teddington) was read by Dr. Williams. They had measured 
‘ithe dielectric absorption between 100 and 9109 c/s from 
i, —80 to 160° c finding a single broad absorption process for 
| which relaxation times and activation energies had been 
evaluated. With a polymer swollen in dioxane the relaxation 
\ was found to move to higher frequencies at constant tem- 
perature and lower temperatures at constant frequency. 
‘; Detailed results indicated that the relaxation process arose 
‘from the amorphous regions and was compatible with a 
ivpredominantly helical structure in those regions, with an 
increased probability of trans configurations at higher tem- 
(peratures. The dynamic shear modulus and loss factor were 
‘determined from —190 to 180° c over a range of 0-05 to 
thi c/s and two loss maxima found, at —77 and 87° c (0-1 c/s), 
(the lower temperature maximum correlating with the dielectric 
absorption. Swelling in dioxane shifted the low temperature 
jloss maximum to lower temperatures and broadened the 
dispersion. An increase in density (crystallinity) had the 


tjlow temperature process. Both transitions were suggested 
ito be associated with the amorphous regions and their tem- 
peratures with the free volume present. Thus it was supposed 


surrounding crystallites. 

Dr. A. Elliott (Courtaulds Ltd., Maidenhead) read a paper 
“The Omega Structure of Synthetic Polypeptides’ with parti- 
cular reference to poly-$-benzyl-L-sipartate. The polymer 
ii;could be cast from chloroform solution in an oriented poorly 
aycrystalline form. X-ray diffraction and polarized infra-red 
wwspectra showed that the polypeptide chains were in the 
voc-helix form. On heating and subsequent cooling, evidence 
lof a different form of helix was found. This helix had a 
four-fold screw axis and packed tetragonally in what was 
jtealled the w-form. A model structure could be built which 
jisatisfied the requirements of the observations reasonably 
well, but a completely satisfactory solution had not yet been 
found. A two-dimensional Fourier synthesis had been made, 
making certain assumptions, by optical diffraction methods. 
Further work was required, but the main features of the 
\)structure appeared to be established. 

When discussion was opened, Dr. Elliott replied to a 
)question on the molecular basis of the transition from the 
a-helix (3-6 residues per turn) to the w-form in which there 
4were four, that he supposed there was a greater interaction 
energy between the four-fold helices. To further questions, 
\he said he had no evidence that the transition proceeded 


I) 


r through a transitory liquid phase and that no change in 


Here the session ended and the conference adjourned to 
Churchill Hall where, after dinner, Sir Gordon Sutherland 
(Director of N.P.L., Teddington) gave an Evening Lecture, 
‘The Potentialities of Infra-Red Analysis in Polymer 
Research’. Professor Pryce took the chair. Sir Gordon 
illustrated his subject by a review of the contributions which 
infra-red methods had made to a representative selection of 
polymers. In polymers for which the repeating unit was 
small and the crystal structure was known, the infra-red 
spectrum of the fully crystalline polymer was no more com- 
plex than that of a simple polyatomic molecule. Strict 
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selection rules operated and all the main features of the 
spectrum were now well understood. Although in the 
majority of polymers the analysis was, as yet, incomplete, 
the assignment of a number of key bands was sufficiently 
certain for them to be used to discriminate between alter- 
native structures put forward on the basis of x-ray analysis 
(e.g. isotactic polystyrene and polyvinylidine chloride). 
Infra-red methods could also be very useful in detecting 
changes in polymers arising from irradiation and oxidation. 
The anomalies in the infra-red spectra of Type I diamonds 
were used to illustrate the power of infra-red analysis in 
revealing the presence of unexpected impurities. The 
differences between the infra-red spectra of the crystalline 
and amorphous forms of a polymer were stressed as was 
the need for more research on the reasons for these differences. 
Finally, a brief review was given of the ways in which infra- 
red analysis had contributed to our understanding of the 
structure of proteins and of desoxyribonucleic acid. 

In the subsequent discussion, Sir Gordon mentioned that 
some work had been carried out at the N.P.L. on a sample of 
solution-grown polyethylene supplied by Keller in an attempt 
to see whether the folded chains could be detected by strains 
imposed on the methylene groups. None had been found 
and very careful dichroic measurements would be necessary 
for a thorough examination. 


Crystallinity 


The second day of the conference was devoted entirely to 
‘Crystallinity’. Papers read in the morning summarized the 
current experimental position and in the afternoon several 
theories of chain-folded growth were put forward. The first 
paper was a review ‘Molecular Texture in Crystalline 
Polymers’ read by Dr. C. W. Bunn (I.C.I., Welwyn Garden 
City). His lecture consisted of a general account of the 
evidence and a critical survey of suggested interpretations. 
Early x-ray diffraction evidence on material crystallized from 
the melt led to the ‘bundle and tangle’ molecular picture of 
the two phases (crystalline and amorphous), while optical 
and x-ray evidence demonstrated the presence of spherulites 
with tangentially oriented chain molecules. Electron micro- 
graphs suggested that each spherulite was built up by crystal 
growth from a single nucleus, the radial structure being the 
result of continued distorton and branching; the best evi- 
dence for continuity (rather than successive nucleation) was 
that when two different crystal forms grew in the same 
specimen, they were in separate spherulites, not mixed in the 
same spherulite. 

Single crystals from solution (thin plates) often grew by 
the screw dislocation mechanism; electron microscope and 
x-ray evidence showed that the chains stood perpendicular 
to the layers and suggested strongly that the molecules are 
folded regularly at intervals of about 100 A; there might be a 
little molecular tying between successive layers. Two theories 
of chain folding had been suggested—a kinetic theory in 
which the first nucleus was a folded molecule and the initial 
fold period was maintained in subsequent growth, and an 
equilibrium theory which suggested that in a crystal of long 
chain molecules, the thermal motions led to instability when 
straight sections of the chain exceeded a certain length. Fold 
structures opened a new chapter of polymer crystallography 
in which crystals could have symmetries different from that 
of the sub-cell, and could show twinned domains or even 
different phases in different regions of the same layer. 

Polymers in use crystallized in bulk from the melt. Layers 
100-200 A thick were seen on the free surfaces; the orientation 
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of the chains in these layers had not been established by 
diffraction evidence, but spiral layers suggested that the 
chains stood perpendicular to the layers as in solution-grown 
crystals, and therefore chain folding was likely. For the 
interior, replicas of fracture surfaces showed little evidence of 
structure for most materials, but in polytetrafluoroethylene 
showed well-marked layers which, though much thicker than 
in other materials, may be evidence of chain folding if current 
evidence on molecular length (admittedly shaky) was accepted. 
It seemed unlikely that a completely folded structure without 
molecular ties between layers would be formed, if the melt 
had a random tangle structure. Moreover, molecular ties 
between layers or crystals appeared to be necessary to explain 
the toughness of polymer specimens, which contrasted sharply 
with the properties of short-chain substances having no mole- 
cular ties between layers, and which was the foundation of 
their practical usefulness. What was wanted was a method 
of estimating the proportions of chain folding and of ‘bundle 
and tangle’ structure in polymer specimens. 

There followed three papers on polymer morphology; the 
first, entitled ‘Observations on Polymer Single Crystals’ by 
D. C. Bassett, A. Keller and S. Mitsuhashi (University of 
Bristol), was given by Dr. Keller. It had been demonstrated 
that in a given system the thickness of the crystals depended 
only on crystallization temperature. It increased or decreased 
apparently discontinuously within the same crystal as the 
temperature was raised or lowered respectively. This fact 
formed the experimental basis of the latest kinetic theory of 
polymer crystallization by Frank and Tosi. 

Other observations showed that monolayer polyethylene 
crystals could be non-planar (Fig. 1). It was proposed that 
a particular non-flat-based ‘dished’ pyramid could account 


pyramid 
axis 


A A 


Fig. 1. Diagram of the non-flat-based hollow pyramidal 
model of a polyethylene crystal proposed by Bassett, Keller 
and Mitsuhashi. A,A’, B,B’ are the corners of the pyramid 
and Citsapex. An imaginary plane through B,B’ perpendicular 
to the pyramid axis would intersect the pyramid in BDB’D’. 


for a variety of observations. This crystal shape could be 
correlated with the packing of the folds; it resulted from a 
particularly simple mode of staggering between adjacent 
folds. Pyramids like Fig. 1 and related configurations had 
been observed by dark field optical microscopy. 

Thirdly, observations on multilayer crystals turning over 
in suspension had revealed a splaying of the lamellae (as in 
Fig. 2, showing a side view of a crystal with spiral terraces). 
This raised new questions regarding the connectedness of 
consecutive layers in multilayer crystals and pointed to a 
new possibility of generating spherulites (Fig. 3) via single 
crystals. A probable intermediate stage between the two, 
hedrites (Fig. 4), was discussed by Dr. P. H. Geil (E. I. 
DuPont de Nemours, Wilmington, Del.) in the next paper, 
‘Morphology of Polyoxymethylene’. 
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Fig. 2. Edge-on view of a polyethylene multilayer crystal in 
suspension showing the splaying of layers. Photomicrograph: 


(410). After Bassett, Keller and Mitsuhashi. 


Fig. 3. Surface replica of polyethylene spherulites crystallized 
from the melt, showing lamellae. Electron micrograph} 
(x 7500). After Fischer. 


Fig. 4. Melt-grown polyoxymethylene hedrites and oval| 
structures. After Geil (x500). Hedrites can be grown from} 
both solution and melt. 

This polymer crystallized from both melt and solution | 
chain-folded lamellae, the thickness depending on cry 
tallization temperature and subsequent annealing. Simp 
crystals of a few lamellae could be grown from solutio: 
The more complex hedrites (Fig. 4) with a large number | 
lamellae all with the same orientation and apparently o1 
ginating at a screw dislocation had been grown both fro. 
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solution and from the melt. They gave a single crystal-like 
diffraction pattern. Melt-grown spherulites grew similarly 
but more rapidly and irregularly. First a single lamella 
grew in which eventually a screw dislocation formed, followed 
by the growth of secondary lamellae initially with the same 
orientation (which was maintained during hedrite growth). 
Irregular twisting and branching of the lamellae leaving the 
nucleus created tertiary lamellae near the periphery of the 
growing spherulite whereas secondary lamellae originated at 
the nucleus. 

Finally, Dr. E. W. Fischer (University of Mainz) reported 


», On experiments about Chain Folding and Large Periods in 
i|Drawn Fibres’ which had been done in conjunction with 


G. F. Schmidt. They had examined the dependence of the 
fold period of polyethylene crystals on crystallization tem- 


»| perature and solvent and of the long period of drawn poly- 
ethylene films on temperature and time. 


Low-angle x-ray 
‘results on sedimented films of polyethylene crystals crys- 


|| tallized between 50° and 110° c had revealed that to a good 


‘approximation the fold period was independent of solvent, 
but its decrease with increasing supercooling was not so 
\great as the kinetic theories of Lauritzen—Hoffman and F. P. 
\Price had predicted. The long period in drawn polyethylene 


|\films increased similarly to that of annealed crystals. The 


E dependence showed that after a few minutes a value 


‘| was reached which changed only slightly after days of further 
heating. These results, it was suggested, favoured a thermo- 
|) dynamic explanation of crystallite size along the chains. 


The kinetics of crystallization was the concern of the next 


1 
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kfractional value constant over a decade of time. 


fwhere 7,,, was the measured melting point. 
‘ivolume increase on melting was a rate process whose asymp- 


{\two papers, the first by Dr. M. Gordon (Imperial College, 
| University of London) ‘On Crystallization of Polyethylene’. 
| Dilatometric studies had been made in collaboration with 
{| W. Banks, J. N. Hay and R. J. Roe on crystallization and 


range 124 to 130° c. The Avrami exponent 7 as a function 
of crystallization progress was derived by an objective method 
to at least +0-1; 7 rose initially by one to two units, probably 
due to changes in the nuclear shape, and then levelled off to a 
A high 
molecular weight fraction gave n decreasing smoothly with 


rising temperature and the Avrami rate constant fitted the 
jjequation 


nB 


fi ae 
# TT: 


A 


The isothermal 


gmelting point). 


‘Crystallization of poly(decamethyleneterephthalate)’ was 


the title of a paper by A. Sharples and F. L. Swinton (British 
@Rayon Research Association, Manchester) read by Dr. 
# Sharples. 
.conformed to Avrami kinetics with n = 4 indicating sporadic 


Above 123° c crystallization of the pure polymer 


nucleation and spherulitic growth. At 122-5° c and below, 
the nature of the crystallization changed, the Avrami plot 
‘became curved and the density change on crystallization 
twas 40% less at 122-5° c than it was at 123°c. It was not 
thought that a change in crystal form or contributions from 
‘pre-existing nuclei could explain the size of the effect. Most 
likely seemed to be a change in the spherulitic growth process 


(though this could not be confirmed microscopically as the 


birefringence appearing on crystallization was not resolvable 
optically. 
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In discussion Dr. L. B. Morgan (1.C.I., Manchester) sug- 
gested that the deviation from n integral could be due to 
competing crystallization processes between the long methy- 
lene parts of the polymer chain and the terephthalate part 
of the structure. Competition would occur below the 
melting point of the polymethylene chain. Dr. Sharples 
thought this an interesting proposal, but found it difficult to 
see how a second crystalline phase could lead to a reduction 
in density. Dr. P. H. Geil mentioned work in his laboratories 
on similar polymers to those of Dr. Sharples in which two 
types of crystallization had been found. 

The last paper of the morning ‘Orientation in Nylon 
Spherulites: A Study by X-ray Diffraction’ was read by Dr. J. 
Mann on behalf of himself and L. Roldan (British Rayon 
Research Association, Manchester). Microbeam studies on 
positively birefringent spherulites had shown an a axis radial 
orientation. The zigzag extinction pattern observed between 
crossed polars was compatible with this if account was taken 
of the imperfections in real spherulites. In disagreement 
with earlier workers, no orientation had been found in the 
x-ray patterns of negative spherulites. Non-birefringent 
spherulites were found to show random orientation. Spheru- 
litic aggregates when grown in thin films (~ 10 4) gave a 
Maltese cross with arms at 45° to the vibration directions of 
the polars. An orientation was deduced from x-ray work 
consistent with this. In thicker films (~ 80 yz) the optical 
properties were confused as the orientation varied from point 
to point in the aggregate, the spherulite radius having little 
significance for the orientation. 

Dr. C. G. Cannon (British Nylon Spinners, Pontypool) 
reported in discussion work on Nylon 66 spherulites which 
seemed consistent with a progressive reduction in the number 
of orientational degrees of freedom. Thus non-birefringent 
spherulites grown at the higher temperatures had no restric- 
tions, negative spherulites one, in that the c axes were 
tangential, and positive spherulites two with the a axis radial 
and c tangential. 

The afternoon session was the occasion of some theoretical 
papers concerned with folded chain growth. Dr. J. I. 
Lauritzen (National Bureau of Standards, Washington, D.C.) 
contributed a paper ‘On Theory of Chain Folding in Dilute 
Solution’. In sufficiently dilute solution entropy considera- 
tions predicted the preponderance of folded chain over 
bundle-like crystals from a linear homopolymer provided 
steric factors did not interfere. The step height of the primary 
nucleus would be /,* = 4 ae/Af, where ce was the surface 
free energy of the loop-containing surfaces and Af the volume 
free energy change on crystallization. After growth, flat, 
plate-like crystals were predicted with the upper and lower 
surfaces containing the folds. Growth probably proceeded 
by the addition of monomolecular layers of chain-folded 
molecules on the lateral crystal surfaces, and certain aspects 
of this were considered. The distance between the folds was 
quite uniform and determined by the crystallization tem- 
perature. 

Professor F. C. Frank followed with a paper “Theory of 
Crystallization of Polymers’ by F. C. Frank and M. P. Tosi 
(University of Bristol). This theory began with, but departed 
from, that of Lauritzen and Hoffman (previous paper) by 
showing that successive fold segments were not in fact of the 
same length but fluctuated considerably. An approximate 
calculation showed that within a specific range of cooling 
there was a characteristic segment length /* such that after 
shorter segments than /*, the next fluctuation was more 
likely to be a longer one and vice versa, so that /* defined a 
stable mean strip width into which the molecule folded. The 
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next strip deposited on this one had a narrower stable width. 
With successive strips, their widths converged to a stable 
value /** which depended on temperature in the observed 
way. For smaller supercoolings, the strip width converged 
to a value too narrow for any further growth to occur. At 
larger supercoolings, multiple nucleation of crystals within 
the same molecule was considered to change the mode of 
crystallization. Acceptable parameters gave satisfactory 
agreement with experiment. 

Dr. J. D. Hoffman (National Bureau of Standards, Washing- 
ton, D.C.) was unable to be present to read his paper 
‘Possibility of Chain Folding in the Bulk’. Dr. Lauritzen, 
however, gave a summary of Dr. Hoffman’s conclusions. 
Very briefly, these were that the existing theories of chain 
folding in dilute solution could be extended to lamellar 
spherulitic crystallization from the melt for which there was 
an increasing amount of evidence. 

Next, Dr. F. P. Price (General Electric, Schenectady, N.Y.) 
presented ‘A Markoff Chain Model for Polymer Single 
Crystal Growth’. The growth of a polymer single crystal 
was taken as the successive coherent addition of layers of 
segments of molecules, each layer acting as substrate for the 
next. The substrate was assumed smooth and the distri- 
bution of segment lengths governed by equilibrium con- 
figurations. It was predicted that for increasing super- 
cooling, the energy gained in crystallization from the volume 
term would tend to overwhelm that lost in creating new 
surface. This led to a temperature dependence of ultimate 
crystal thickness less than the (AT)~! laws of previous 
theories. Agreement of theory with experiment was satis- 
factory. The theory also showed that the surfaces of the 
polyethylene crystal were remarkably smooth with an 
average roughness of only 1-2 A. 

Before the discussion, Professor A. Peterlin presented 
very briefly the equilibrium theory of Peterlin and Fischer. 
Their argument was that the incoherent part of the longi- 
tudinal and rotational fluctuations of polymer chains intro- 
duced in the free energy density a term increasing with the 
number N of elements in the straight portion of the chain. 
Together with the surface energy contribution the free energy 
density had a minimum yielding the number N* of the most 
stable configuration. This number increased with increasing 
temperature and decreasing interchain forces in the crystal 
in good agreement with experimental data. 

In discussion, Professor Frank explained that entropy 
contributions to crystallization did not dominate the resultant 
fold length because of the large energy of the folds. He 
went on to show how the fold energy could be estimated 
since at least three gauche bonds were required to reverse 
the polyethylene chain. The energy needed for this was 
known and together with further contributions to satisfy the 
sub-cell packing gave a fold surface energy of about 
100 erg cm~?. 

Of the final three papers in the ‘Crystallinity’ section, the 
first was by Professor R. Hosemann (Fritz Haber Institute, 
Berlin-Dahlem) ‘On Paracrystals’. Using a convolution 
polynomial of the three fundamental ‘co-ordination statistics’ 
the correlation function (expectation of the convolution square 
of the total distance statistics) could be calculated. This 
gave a generalized expression of the small range disorder 
in three-dimensional lattices, degenerating for point-like 
co-ordination statistics into the lattice function of a crystal. 
For special statistics in the one-dimensional case it gave the 
formulae of Zernike—Prins and J. J. Hermans and for three- 
dimensional unoriented lattices the equations of conventional 
theories of liquids. It was shown that the macrolattices of 
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various fibroins (e.g. « and 8 keratin and collagen) were of 
paracrystalline type and some of its 18 tensor paramete 
were calculated. Small-angle diagrams of variously treaty 
polyethylene fibres, of aggregated polyethylene crystals at 
Fraunhofer patterns of paracrystalline models were analys 
showing how quantitative information about the par 
crystalline disorder in natural substances could be obtaine 

Dr. C. Robinson (Courtaulds, Maidenhead) read a pap 
‘On Liquid—Crystalline Structures in Solutions of Pol 
peptides’. This type of phase appeared in several optical 
active polypeptides dissolved in organic solvents above | 
certain concentration. It was spontaneously birefringer 
showed visible periodicities and very high optical rotato 
power. The molecules in solution were rigid rods, being 
an a-helix configuration. The actual structure in soluti¢ 
was derived from an arrangement of parallel molecules I 
superimposing on it an axis of torsion perpendicular to thé 
long axes. The observed periodicity equalled half the pit¢ 
of torsion ranging between 100, and sub-microscop 
dimensions depending on solvent, concentration and ter 
perature. For suitably sized periodicities iridescent colo 
were reflected in accord with the Bragg equation. T 
observed optical rotation was consistent both with the pr) 
posed structure and the de Vries theory of cholesteric liqu: 
crystals. There was also some evidence of similar structun 
in aqueous D.N.A. solutions. 

Dr. L. Mandelkern contributed a paper ‘On Contracti 
Processes in Fibrous Macromolecules’ in which anisotro 
dimensional changes were shown to accompany the cryst 
liquid transformation in these substances. Contraction w 
observed on melting, elongation on crystallization due to t 
different conformations of the chains in the distinctly differe 
states. The problem of carrying out these changes reversi 
was solved in two ways, firstly by imposing a uniaxial tens 
force and maintaining the two phases in equilibrium; second 
cross-linking highly oriented fibres resulted in a substanti 
increase in the isotropic length so that after melting a 
recrystallization oriented fibres were again found. The 
were reversibly contractile without having to maintain 
external force. These results could be applied to cos 
tractility in fibrous proteins. 

In a written contribution to the discussion, Dr. J. Sikors 
(University of Leeds) commented that the reversible sup: 
contraction of wool fibres, of the order of 30%, could ¥ 
realized (in certain metal amines) without any serious dil 
turbance in their diffraction pattern. Under other conditio 
reversible contraction of only 2% was obtained (involvi 
hydrogen bond breakdown) with a concurrent eee | 
of the «-crystalline pattern. It was therefore not possible 
generalize and suggest that loss of crystallinity was a had 


accompaniment of reversible supercontraction. One had 
remember the chemical and morphological heterogeneity 
wool fibres. 

In a brief discussion, Dr. R. St. John Manley (McG: 
University, Montreal) showed some very interesting slides « 
crystals allegedly of cellulose triacetate and cellulose I 
Cellulose triacetate when dissolved in nitromethane to moi 
than 4% solutions precipitated as spherulites. Squar 
lamellar crystals could be obtained in more dilute solutior 
by slow cooling in the presence of a non-solvent. The: 
crystals displayed many of the features familiar in pol: 
ethylene crystals. By deacetylating the triacetate crysta 
with alcoholic potash square crystais were retained wit 
lamellae clearly visible at their edges. Aggregates < 
these gave an x-ray diffraction pattern corresponding f 
cellulose II. 
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\ 


a paper ‘Free Radical Kinetics in Irradiated Polymers’ by 
ib A. Charlesby and M. G. Ormerod (Royal Military College 


.| 2-5 while that for cross-linking at 77° k was about 1. 
\, Supported the view that one cross-link was formed from two 


y Suggested that the alkyl radical was mobile. 
.| postulated that a similar radical mobility occurred in poly- 
i ‘ethylene. 


The fifth and final session, Irradiation Effects, began with 


{of Science, Shrivenham), read by Mr. M. G. Ormerod. 


| Electron spin resonance spectroscopy had been used to study 
the free radicals formed in polyethylene irradiated in vacuo 
wat 77° K 
tal —CH,—CH-CH,-. 
;| radicals decayed. The main effects of radiation on poly- 
ethylene were the formation of cross-links and main chain 


The predominant radical was the alkyl radical 
On warming to room temperature the 


unsaturation. Since main chain unsaturation was formed at 
'717T° K the disappearance of the alkyl radical was associated 
| with cross-linking. The G value for radical formation was 
This 


tadicals. Experiments with two paraffins and an olefin 


They therefore 


Experiments were being performed to enable the 
degree of mobility to be estimated for polyethylenes with 


different physical properties. 


The next paper, ‘Transfer of Molecular Excitation Energy 


it 


‘| carbons’, 
‘| linking induced in paraffins by x-radiation were their inability 


‘ ‘this quantity on dose-rate or temperature. 
| made by Weiss was that a diffusing hole eventually came close 


| in Aromatic Polymers’, was given by Dr. J. B. Birks (University 


‘of Manchester). According to his theory, the energy dis- 
sipated by ionizing radiation in an aromatic solvent was 
_Partitioned between excitation (10%) and ionization (5%) of 


st q-electrons, and excitation (57 %) and ionization (28%) of 
| other electrons. 


The 7zr-excitation was converted into the 
lowest solvent z-singlet state from which either emission, 
migration to another solvent molecule or transfer to a solute 
‘molecule occurred. Studies on polystyrene solution showed 
that solvent—-solvent migration was inefficient compared with 
crystalline or liquid solvents and that solvent-solute transfer 


i ‘occurred radiatively below 10~* M and both radiatively and 
‘|non-radiatively above 10~4 M. 


Jon recombination after 
‘q-ionization yielded excited triplet states. The other primary 
processes which produced free radicals, electrons and excited 
molecules were responsible for the radiation-chemical effects. 
_ Dr. W. L. M. McCubbin (King’s College, Newcastle-upon- 
Tyne) gave a paper ‘Electronic Processes in Paraffinic Hydro- 
His reasons for rejecting earlier theories of cross- 


to explain (a) the dependence of cross-linking efficiency on 
‘small percentages of impurity, and (4) the independence of 
The suggestion 


‘enough to the hydrogen atom on a neighbouring chain 
thereby forming a cross-link with the elimination of hydrogen. 

Two experiments were described which indicated that holes 
were, in fact, the majority carrier in irradiated hydrocarbons. 
It was shown to be possible to control the ratio of hole 


! by Dr. Keller. 


‘to electron components of the d.c. current by adding 
‘small amounts of electron-accepting and electron-donating 
impurities, i.e. benzo—quinone and dihydroanthracene respec- 
tively. Experiments to check whether the cross-linking 
‘efficiency was affected by these impurities were in progress. 

A paper ‘Radiation Effects in Polyethylene as a Function 
‘of Crystallization Conditions’ by A. Keller and R. Salovey 
‘(Bell Telephone Laboratories, Murray Hill, N.J.) was read 
Samples of Marlex 50 crystallized from dilute 
‘solution and from the melt were irradiated by high energy 
‘electrons and their solubilities compared. The single crystal 
specimens remained fully soluble after a 20 Mr dose which 
rendered the bulk 3—3 insoluble. It was suggested that intra- 
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molecular cross-links occurring more in the single crystals 
were responsible for this behaviour. At high doses, the same 
solubility limit was approached by both specimens; this was 
ascribed to the increasing ineffectiveness of chain cutting in 
the single crystals. 

Other Marlex 50 samples were solution-crystallized in the 
range 0-1 to 2% and given the same 20 Mr dose. Those 
crystallized at 70°c were largely soluble, but those crys- 
tallized at 85° c from concentrations more than $°% became 
% insoluble. Examination showed that crystallization was 
lamellar in both cases, but was much more compact at 85° c. 
However, after ultrasonic treatment which separated some of 
the lamellae the 85° c specimens stayed fully soluble. This 
meant that the radiation behaviour depended on the lamellar 
packing. Thus radiation effects could serve to distinguish 
modes of lamellar packing, which morphological factor might 
be responsible for the differences between single crystals and 
the bulk. The results further suggested that cross-links form 
largely at the lamellar interfaces. 

Professor M. Dole (North Western University, Evanston, 
Ill.) spoke on ‘The Radiation Chemistry of Polypropylene’ 
about work in which he had been assisted by W. Schnabel, 
R. Keyser and B. Clegg. They had found that gel formation 
in irradiated atactic and isotatic polypropylene closely followed 
the Charlesby—Pinner formula. This formula was valid for 
a random molecular weight distribution and adherence to it 
meant that degradation had created such a distribution in 
the material. G(S) and G(X) values were calculated to be 
around 0-3 for a random initial distribution and around 0-1 
for a ‘pseudo-random’ one. Black and Lyons had previously 
found G(S) = 4-95 from calculations on the initial viscosity 
changes on irradiation. A new treatment by the authors 
taking various ‘constants’ in the defining equation as varying 
with dose had explained their own viscosity results and 
substantiated the low G values quoted. 

Before reading the final paper of the conference, Professor 
A. Charlesby (Royal Military College of Science, Shrivenham) 
congratulated the sponsoring body and the organizers on the 
success of the conference. His paper ‘Comparison of Ultra- 
violet and Gamma Radiation Effects in Polymers’ had C. S. 
Grace and D. K. Thomas as co-authors. In an attempt to 
distinguish between ionization and excitation in solid 
polymers, results had been compared of irradiations with 
ionizing radiation and ultra-violet light which could cause 
only excitation. In polymethylmethacrylate, degradation 
occurred with both radiations being proportional to dose 
but independent of dose-rate. Electron spin resonance had 
shown that the radicals formed were the same in the two cases. 
In polyethylene, cross-linking, degradation and the formation 
of trans-unsaturation all occurred in approximately the same 
proportions in both cases. It was concluded that the main 
changes in the two polymers were due primarily to radicals 
formed by excitation, there being no evidence of any special 
contribution from the ions from gamma radiation. The 
energies absorbed to promote these reactions were, however, 
very different so that while the prime processes of energy 
absorption varied considerably, the course of the reaction 
soon ran along the same path. It might be, though, that 
other radiation reactions, e.g. conductivity, did show evidence 
for an ionic mechanism. After some discussion on this 
theme, the conference ended and the delegates dispersed. 
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Abstract 


A critical review has been made of the reliability and 
accuracy of ‘flying-spot? scanning for the automatic 
measurement of microscopic particles. The instrument 
used was the ‘Flying-spot particle resolver’ manufactured 
by Messrs. Rank Cintel Ltd. Most of the results quoted 
were obtained using a reflected-light scanning technique 
for the measurement of spray droplet stains, but it is 
probable that the conclusions may be applied to the 
measurement of many other types of microscopic particles. 
The possible errors associated with automatic methods of 
measurement have been considered under the headings: 
(a) errors inherent in the design of the instrument; 
(b) errors due to faulty operation of the instrument; 
(c) errors due to the nature of the sample being 
measured. 


The accuracy and reliability of the automatic assessment 
of particle size has been compared with the visual assess- 
ment, using a standard optical microscope. It is concluded 
that the speed and reliability of automatic measurement 
are considerably greater than can be achieved by visual 
measurement. Basically the instrument is very accurate, 
but the accuracy with which a particular sample is assessed 
depends to a considerable extent on the nature of the 
sample. Inaccuracies are introduced by overcrowding or 
aggregation of the particles on the sample, by irregularly 
shaped particles and by the absence of well-defined, clear- 
cut edges to the individual particles on the sample. The 
importance of these possible inaccuracies is discussed. 


1. Introduction 


URING recent years there has been considerable 

interest in the possibility of counting and sizing 

microscopic particles by rapid mechanical or elec- 
tronic methods. The development of such methods was 
reviewed at the 1954 Institute of Physics conference on the 
physics of particle size analysis. The more successful methods 
that have come into prominence recently have depended on 
the photoelectric scanning of the particulate sample: either 
by using track-scanning (Hawksley 1954, Hawksley, Blackett, 
Meyer and Fitzsimmons 1954, Morgan and Meyer 1959) 
or spot-scanning systems (Taylor 1954, Causley and Young 
1955), 

Besides reducing the amount of mental strain that is 
involved in visual microscopic counting and sizing, auto- 
matic methods may minimize the personal variation that 
always occurs between different operators and may also 
prevent the loss of accuracy that is experienced when visual 
counting is carried out over a long period of time. The 
rapidity with which the counting is carried out automatically 
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also means that more replicates may be measured, with 
consequent reduction in sampling errors. On the other han 
automatic counting may suffer from certain disadvantag 
the instrument may not be working accurately, it may | 
incorrectly adjusted and an artificial scanning technique 
almost certainly not as discriminating as the human eye. 

The performance of an instrument using a track-scannis 
method has been described by Morgan and Meyer (195¢ 
and the work described in this paper is an attempt to evalu 
the advantages and disadvantages of automatic counting at 
size determination using a commercial instrument th 
employs a spot-scanning technique. The instrument us 
was the ‘Flying-spot particle resolver’? manufactured 
Messrs Rank Cintel Ltd. Since it was initially wished 
use this instrument for the measurement of droplet size 
agricultural sprays, most of the results were obtained fr 
spray samples, but there seem to be no reasons why t 
conclusions should not be applicable to many other types 
microscopic particles. 

Despite the quantity of work carried out on the develo} 
ment of instruments capable of automatic counting and sizin 
the available literature contains little information on t 
operation and accuracy of such methods from a practi 
viewpoint. This is probably due, at least in part, to t 
difficulty in finding suitable standards against which 
compare an instrument’s performance. Courshee (19 
discussed some of the practical difficulties associated with t 
operation of the chord intercept analyser developed 
Trickett and Courshee (National Institute of Agricultu 
Engineering Report No. 27, 1953) and he gave some co. 
parisons between visual and automatic counts. Cours 
concludes that ‘the experimental error associated with e 
counting is rather larger than is often assumed in accepti 
this method as a comparison standard’. This conclusion 
supported by the present work, but since visual counting a 
sizing is still most commonly used for the measurement 
size distribution in microscopic particles it is useful for cor 
parison with automatic counting and sizing, provided th 


it is not assumed that the accuracy of visual counting 
absolute. 


2. The ‘Flying-spot particle resolver’ 


The operation of this instrument for visual presentation 
shown diagrammatically in Fig. 1. A 700-line scannir 
raster (12-5 scans/s), produced on the face of the scannii 
tube, is passed into the optical system, which usually consis 
of a standard optical microscope. The image of the sc: 
raster is then focused on the sample to be examined, usir 
the normal microscope focusing device, the scanned area 
the sample being determined by the power of the objecti 
lens used. The amount of light passing through the samp 
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‘| 20-50 diameters. 
') focusing and stage movement are used, and the contrast of 
4 the image is controlled by the video amplifier gain and by 


fi 


(( 


‘passes to a magnetic memory system (the one-line delay), 
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where transparent backgrounds are used, or reflected from 
the sample if it is opaque, varies according to the optical 
density and configuration of the objects on the sample, and 
these changes in light intensity are detected by a multiplier 
photocell in which they are converted into an electrical signal. 


*SJopticalt~ 
7 |systemp- 
Pp 


Fig. 1. Block diagram of circuits used for visual presentation. 


‘ This signal is fed to the video amplifier, the output of which 
4;modulates the monitor cathode-ray tube that operates in 
“\ synchronism with the original scanning raster. 


Thus a 


The normal microscope controls for 


pulse 
former to counter 


an BS 
selector display 


Fig. 2. Extra circuits required for operation on counting and 
sizing (see Fig. 1). 


Considering the case of only one particle on the sample slide, 


“when this is scanned by the flying spot an intercept pulse 


will be produced which passes to the quantizer. This unit 


} will pass on the pulse only if it is greater than a predetermined 


voltage level (the clipping level); it thus prevents counts from 
spurious particles and random noise. From here the pulse 


‘the sum circuit and the pulse-forming unit where it is suit- 


ably shaped. After shaping, the pulse passes through an 
electronic gate, which is normally open, and then operates a 


_ dekatron counter tube. Acceptance of a count pulse is shown 
jon the monitor screen by a bright spot appearing on the 
| particle. 
| i.e. greater than the distance between two adjacent scanning 
h lines, the flying spot may scan the same particle for a second 
| time on its next scan line. 
occurs, but this time the sum circuit receives the new pulse 
| from the quantizer, plus the pulse from the previous scanning 


If this particle is larger than one picture element, 


A similar sequence of events 


line which is released from the one-line delay unit. This state 
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of coincident inputs produces an inhibiting pulse, which 
shuts the gate and prevents a second count being recorded 
from the same particle. 

Thus in any given field every particle, however large, will 
be counted only once. It should be noted that this is an 
ideal situation and that should the profile of the particle 
present a re-entrant along the direction of the scan, then 
two counts will be recorded from the same particle. Also 
aggregates or particles which are not separated by more than 
two picture elements may be falsely counted. 

The automatic sizing is performed by the sizing unit, which 
produces a pulse of selectable width that corresponds to a 
given size of particle on the sample. Any particle whose size 
is less than the size selected will not be recorded during a 
field count, so that by successive counts with selected pulses 
of progressively greater width (i.e. with progressively greater 
minimum sizes) a complete size analysis of the sample in the 
field can be obtained. The standard pulse widths obtained 
from the sizing unit are given in terms of picture element size 
and increase in a 1/2 progression; 0, 2, 2\/2, 4... 32, 32/2, 
64 picture elements. The operation of the sizing unit is 
illustrated diagrammatically in Fig. 3. Then, considering a 


15 picture 


2:5 picture 
elements 


3:5 picture 
elements 


4:5 picture 
elements 


elements BN a i 
scanning lines 


(a) 


t one 


picture 


element 
SS EEE ee eee 


(b) 


(d) 
(e) 


Fig. 3. Operation of the sizing unit. 


(a) Sizing unit set on 0; no pulse is produced and therefore all 
four particles are counted. 

(6) Sizing unit set on 2; the pulse produced is equivalent to 
two picture elements and no particle is counted whose size 
is less than this value. Therefore three particles are counted. 

(c) Sizing unit set on 24/2; no particle is counted whose size is 
less than 2-83 picture elements and therefore two particles 
are counted. 

(d) Sizing unit set on 4; only one particle is counted. 

(e) Sizing unit set on 41/2; no particles are counted. 
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magnification such that one picture element is equivalent to 
10 p, the first count, with the sizing unit on 0, will give the 
total number of particles in the scanned field whose size is 
greater than 10. The second count, with the sizing unit 
on 2, will give the total number of particles whose size is 
greater than 20. and so on up to the twelfth count, on 64, 
which will only show any particles greater than 640 p. 

On counting, one scan across the field takes 8 seconds 
and a further complete scan has to take place to reset the 
sizing unit. The total time taken to count each size range is, 
therefore, 16 seconds, and a complete size analysis of the 
field may take up to 3 minutes. Normally several fields must 
be counted in order to obtain a statistically sound size 
analysis of the whole sample; and the time taken will depend 
on the particle density of the sample and its degree of 
heterogeneity. 


3. Operational characteristics 


The accuracy of the instrument in counting and sizing any 
particular sample will depend on three main possible sources 
of error: 

(i) errors that may be inherent in the design of the instru- 
ment itself; these include the reliability of counting and the 
accuracy of discrimination between the various size groups; 

(ii) errors that are due to faulty operation: whilst most of 
the operating controls are straightforward and leave no room 
for error, there are some which may affect counting accuracy; 
these are the focusing of the microscope and the setting of 
the gain of the video amplifier; 


(iii) errors that are due to the nature of the sample: besi 
the presence of aggregates or irregularly shaped particl 
the accuracy may also be affected by the degree of contra 
between the particles and their background and by t 
definition of the edges of the particles. 


3.1 Errors in design 


(a) Count reliability. In order to check the reliability 
the instrument, a spray droplet sample was obtained 
spraying fixed and glazed photographic bromide paper wil 
a 1% solution of nigrosin in water. The instrument was 
up on reflected light using a 25mm objective lens and r 
eyepiece, giving a magnification of 50 diameters and a pictul 
element size of 10 ~. One field of this sample was scann¢ 
repeatedly to give ten complete counts, which are shown | 
Table 1. 

The coefficient of variation V is less than 4% in all Siz 
ranges for this particular sample and is less than 2% for a 
but two ranges. This indicates a remarkable degree of com 
sistency. 

One test of the instrument’s reliability lies in a comparisa 
with the reliability of a visual count. Table 2 shows t 
successive visual counts made on one field of a further samp] 
prepared in a similar manner, and using a microscope fitte 
with a standard logarithmic eyepiece graticule (May 1945). | 

Here V increases steadily as the number decreases in t 
higher size groups, and it is significantly higher throughou 
the whole range than the variation shown by the automat 
count. 


— —— 


Table 1. Reliability of automatic numerical count 
Size (in picture elements) 0(1) 7) 2/2 4/2 8 82 16 16/2 32 32/2 64 

(=10n) @0n) @8y) G40u) Gov) (0n) (1i2pn) (160) (224) G20u) (448) (640 yp) 
Count No. 1 2A Se Onl SS 92 50 34 22. 12 5 1 — 
Count No. 2 21 92S Oe 40 95 48 34 PBB! 12 5 1 — 
Count No. 3 D'OR Seal ome 6 96 47 34 23 13 5 1 — 
Count No. 4 IBY Se eh aS) 96 48 35 28 12 5 1 — 
Count No. 5 DIAS Sis 168 ass 92 50 35 23 We 5 1 — 
Count No. 6 2135 L913 el 40 OG 51 34 23 12 5 1 — 
Count No. 7 2 See See AO) 96 51 35 23 12 5 1 — 
Count No. 8 D157) 1925 4 140 96 51 34 23 11 5 1 — 
Count No. 9 21S OS ea el 39 95 51! 33 23 12 5 1 — 
Count No. 10 PI Ales SBS 96 50 34 28 i) 5) 1 — 
Arithmetic mean (1) 215-2) 1901 172-313 8 le 9S" 0 9 40 534-0 Oe 1 Oe 0 eee 


Standard deviation (c) 


2:201 2-331 2-163 2-234 1-633 1-494 0-633 0:316 0:471 0 0 


Coefficient of variation V (°%) O27 1-235 1-26) 162 le 72S Ole a8 Sil 3 5s) oO) 0 — 
V = + 1000/pu 
Table 2. Reliability of visual numerical count 
Diameter (x20 p) 1 D 24/2 4 42 8 84/2 16 16/2 32 
(20 p) (40 y) (56 u) (80 2) (112 p) (160 p) (224 wu) (320 uy) (448 uw) (640 y) 
Count No. 1 148 90 70 41 20 11 8 4 1 — 
Count No. 2 149 101 67 38 19 11 8 4 1 — 
Count No. 3 151 99 66 39 19 10 7 4 1 — 
Count No. 4 153 93 73 42 22 12 9 5 1 — 
Count No. 5 152 100 al 41 DA 12 9 5) 1 — 
Count No. 6 150 98 70 39 20 11 8 5) 1 — 
Count No. 7 155 100 74 42 21 ii 9 5 1 — 
Count No. 8 154 101 73 42 a 11 9 5 1 — 
Count No. 9 153 98 72 40 20 11 8 5 1 — 
Count No. 10 150 97 69 41 21 11 8 5 1 — 
Arithmetic mean (1) USL SP Rea 70°5 40-5 20:4 Eicot 8-3 4:7 1-0 — 
Standard deviation (oc) 2°273 3°592 2-635 1-434 0:966 0-568 0-675 0-48 0 — 
Coefficient of variation V (°%) 1-50 3-68 3-74 3-54 4-74 Sell 8-13 10-28 0 — 
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| than those shown by the results in Table 1. 


In general, V would be expected to be greater in the ranges 


where there are relatively few particles and where an error 


i of one count makes a larger percentage error. This is, of 


‘course, unfortunate where figures for representative particle 
size are to be calculated on some form of volume or mass 
parameter, for example, Sauter mean diameter or mass 
median diameter, in which case it is the groups with large 


,| diameters and (usually) small numbers which are important. 


Consideration of the variation in volumes of the particles in 
each size group in Table 2 would show larger discrepancies 
Such difficulties 
are unavoidable and in any case are likely to be increased by 
sampling errors. 

(b) Size discrimination. The accuracy of the instrument 
in sizing will be governed by the pulse lengths, which are 
produced by the sizing unit, and by the ability of the instru- 


.| ment to discriminate between particles with slightly differing 
| diameters. 

,, a8 before on photographic paper and the stains were sorted 
| using a visual microscope; to reduce visual errors, the selected 
.| Stains were observed by three operators. 
,| Stains were selected to give a complete progression of dia- 


To check these points, droplets were collected 


As far as possible 


Ny) 


4 


Aly 


| meters covering the whole size range that could be counted 


| automatically, using a 2 in. objective without eyepiece. This 


,| gave a calculated picture element size of 22-2 ~. Owing to 
,| the practical difficulty of finding suitable stains, a perfect 


| arithmetical progression of increasing stain diameters was 
not possible and the actual discrimination limits, in terms of 
the nearest size of stain that was available, are compared in 
Table 3 with the theoretical limits of each size range. 
Column 3 shows the maximum stain size available that was 
not counted in the given size range and column 4 shows the 
next largest size available that was counted. Thus the 
discrimination of the instrument may be somewhat better 
than the results in Table 3 suggest. 


Table 3. Comparison of actual and theoretical size ranges 


Actual minimum 
size of particle 


Actual maximum 
size of particle 


Calculated minimum 


Size (in picture size of particle 


elements) counted (u.) not counted (u.) counted (2) 
0) ~22-3 20 
2, 44-5 50 55 
w/2 63-0 ai 75 
4 89-0 90 95 
44/2 126-0 121 129 
8 178-0 172 180 
81/2 220 245 255 
16 356-0 348 30)// 
16,/2 503-0 490 510 
32 TAO 705 720 
324/2 1005-0 950 1020 
64 1421-0 1390 1450 


Except in the 2, 2/2 and 4 size ranges the agreement 


between theoretical and actual values is very good. For a 
particle to be sized accurately, the clipping level should be 
set at the 50% level of each pulse produced when the 
scanning spot crosses the particle. Where the contrast is 
low, i.e. for small particles, this may not be achieved and 
consequently the particle is recorded as being slightly smaller 
than the actual size. 

Where volume means are being used these errors are 
unimportant, since the volumes of particles in these ranges 
will usually be swamped by the volumes in the larger size 
groups. The magnitude of this error appears to be constant 
for a given type of sample so that allowance can be made. 
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This should be done where the actual size distribution is 
important and where direct comparisons are to be made 
between different samples. 

(c) Count stability. The initial warm-up period to allow 
the one-line delay unit to operate satisfactorily takes between 
5 and 20 minutes, depending on how long the instrument 
has been standing idle. From the operational point of view 
it is obvious when this period is completed. If a count is 
now made and repeated at intervals of a few minutes, a slight 
but definite drift in the results from successive counts is 
found. This drift goes on for a further 10 to 20 minutes, 
after which the count settles down and remains constant for 
several hours. It is therefore desirable to switch on the 
instrument at least 30 minutes before the controls are finally 
adjusted. 

After setting the controls on one sample, counts may be 
made on other similar samples without further adjustment. 
A different type of sample will alter the effective sensitivity 
of the instrument, and some alteration of the controls may be 
necessary. 

(d) Count accuracy. The reliability and size discrimina- 
tion of the instrument have been shown to be satisfactory 
when checked separately. To get some idea of how accurately 
it would operate during an actual size determination, a 
spray droplet sample was selected and an area marked out 
exactly equal to the area of one complete scan. Since there 
were only about 150 particles in this limited sample it seemed 
reasonable to assume that a visual count could be made with 
a degree of reliability similar to that shown in Table 2. 
Independent counts were made by three observers and the 
spread of results obtained is shown as the light-shaded area 
in Fig. 4, where they are plotted as cumulative number 


///// Visual count 
\\\\\ automatic count 


Cumulative number 


ee 


| 
a 


20 40 60 100 ~—:150 200 400. 600 1000 
Diameter (11) 
Fig. 4. Comparison of visual and automatic counts on a small 
sample. 


against log diameter. The spread of the automatic count 
on this sample using 99% confidence limits is indicated 
within the dark-shaded area. The general agreement in size 
distribution between the two methods of assessment is good. 


3.2 Errors due to faulty operation of the instrument 


(a) Effect of microscope focus on counting accuracy. In 
order to count a statistically significant number of particles 
it is usually necessary to scan several fields on each sample. 
Initially, a particular field on the sample is focused with the 
high-scanning rate associated with visual operation. On 
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switching over to count operation this field will be counted 
and sized with accuracy. Movement of the microscope stage 
to scan another field may well upset the focus, and since the 
scanning rate on count operation is slow (one scan in 8 Ss), 
accurate refocusing from the count picture is difficult. This 
may be overcome by switching back to visual operation, 
checking the focus and switching over to count again. If 
many fields are being counted, this procedure constitutes a 
considerable waste of time. Within certain limits, however, 
it is possible to refocus on the count picture, in which case 
it is important to know how the counting accuracy varies 
when the sample is slightly out of focus. 

A droplet sample was focused accurately using a 25 mm 
objective with a numerical aperture of 0:15 and the position 
of the microscope stage was recorded. By moving the 
microscope stage up or down, counts were made on this field 
at known distances above or below the plane of focus. The 
results are plotted in Fig. 5 (curve A) as the sum of all the 


| 
| 
| 
| 
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Distance above the plane of-focus (mm) 


Fig. 5. The effect of mis-adjustment of the microscope focus 
on automatic measurement. 


measured particle diameters (Und) against the distance above 
or below the plane of focus. There is little significant change 
in Xd within 0-05 mm either side of the true focus, though 
beyond this distance the counting accuracy begins to fall 
away rather seriously. It is most unlikely that any normal 
movement of the microscope stage would upset the focus 
by as much as 0:05 mm. In any case, it is quite possible to 
refocus on the count picture to within this degree of accuracy. 

The position is somewhat different when using higher- 
powered objectives working on transmitted light. This is 
shown in Fig. 5 (curve B) which is a plot of results obtained 
using a 4mm objective with a numerical aperture of 0:65. 
This was used with a 10 x eyepiece to give a magnification 
of 1000 diameters and a picture element size of 0-5 x. Here 
the allowable depth of focus is only about +0-:003 mm and 
considerable practice is required to refocus to this degree of 
accuracy on the count picture. 

(b) Effect of the video amplifier gain. The video amplifier 
governs both the contrast of the monitor tube picture and the 
amplitude of the pulses being fed to the quantizer and 
counting units. When the instrument is operated on count, 
a considerable degree of amplification is required to produce 
a picture on the monitor screen. As the gain is increased, a 
point is reached at which a picture begins to appear and as 
the gain is still further increased, the background of the 
picture steadily clears until the optimum amplification is 
reached. Increase in gain beyond this point produces a 
blurring in the picture background, an effect which can be 
used to visually set the video gain to a known level and thus 
compensate for variations in background illumination. After 
setting the video gain, the clipping level may require adjust- 
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ment until all the particles are tagged to indicate that thi 
are counted. The practical adjustment of the video gal 
requires a certain amount of practice, since very little mo 
ment of the control knob produces considerable changes 
the picture on the monitor screen. | 
The importance of the correct setting of this control w 
checked by carrying out a series of counts with differ 
settings of the gain control. This control was calibrated by 
series of marks, each of which corresponded to a 3° rotati¢ 
of the control knob. The total movement of the control w; 
about 240°, but with this particular sample the picture 
not begin to appear until the control had been turne 
through 220°, so that it is only with the last 20° that t 
study is concerned. 
The results were obtained by using a 4 mm objective and! 
10 x eyepiece giving a picture element size of 0:5 wu. Of 
field of a sample of insecticide wettable powder was fixe 
under the microscope and several counts were made | 
various settings of the gain control. The results are plotted / 
Fig. 6 in terms of the sum of all the particle diameters agai 


204 r iso iu 


202 


Xnd Gux 10%) 


a 


182 
225 228 231 234 251, 


V.F gain control setting (deg) 


240 (max) 


Fig. 6. The effect of video frequency gain on automatic 
measurement. 


the rotation of the video amplifier gain control. Four c 
five counts were made at each setting and the curves link tk 
maximum and minimum values obtained. The apparer 
size of the particles becomes smaller as the optimum gai 
setting is approached (237°), and above this value there is 
tendency for the sum of the particle diameters to increas 
again. The reliability of the count is also best at the optimur 
setting of 237°, where the count variation is of the same ord 
as that shown in Table 1. On both increasing and decreasin 
the gain, the spread of results is greater. 

When allowance is made for this normal variation of resul: 
at the optimum setting of the control, it is obvious that a 
increase or decrease of 2° or 3° in gain control does not mak 
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hi much difference from a practical point of view. If the gain 
is not set within these limits, considerable inaccuracies may 
_| be introduced. The ease of setting would be improved by 
’| having a fine-gain control, in addition to the coarse control. 


i 3.3 Errors due to sample quality 


i The chief requirements in a sample for automatic counting 
| are a reasonable degree of contrast between particle and back- 
‘| ground (this should be at least 10°%), a uniform contrast 
'Y across each particle (i.e. there should be no patchiness or 
‘fading towards the edges), and a clear-cut outline to the 
‘Vparticles themselves. In the case of spray-droplet sampling 
‘the first of these requirements is easily fulfilled by adding a 
| dye to the spray and collecting on any white or light coloured 
if surface, whilst the others necessitate the use of a material 
‘\whose surface structure is perfectly uniform and which 
y inhibits the spread of droplets. After trying many collecting 
‘surfaces, fixed glazed photographic paper was selected as 
‘\ producing the best stains for use with this instrument 
“(Furmidge, to be published); all the droplet samples that 
have so far been described were obtained by using this surface. 
The next best collecting surface was found to be high-quality 
glossy art paper, as used by Yeo and Coutts (1957). With 
this surface the definition of the edges of the stains is not so 
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1-2% of the droplet stains overlapping, whilst sample C 
had 3-4% of the stains overlapping to some extent. After 
collection each sample was sized visually and automatically, 
the fields measured were chosen at random over the sample 
and just over 2000 particles were counted in each case. The 
counting was carried out in a rapid routine manner so that 
its accuracy should be similar to that obtainable in practice 
during a routine assessment of a number of samples. 

The spray droplet spectrum was the same for each sample 
so that, reading across the table, the figures in each column 
should be the same. The visual counts show little similarity 
between the three samples, and a statistical analysis of the 
results (after allowing for the expected variation in visual 
counts shown in Table 2) still shows significant differences 
between the counts in almost every size range. Whilst it is 
possible that some of these errors may be due to faulty sub- 
sampling, this cannot account for the total variation between 
samples; in a count of 2000 particles on each sample, sampling 
errors should be relatively small. The time taken for each 
visual count was between 3 and 4 hours as against the 7 hours 
for similar counts given by Courshee (1954), whose results 
appear to be somewhat more reliable. It seems obvious that 
visual counts carried out over a large sample are virtually 
useless as a comparison standard unless they are done very 


Table 4. Reliability of counts on glazed paper 


Size (in picture elements) 0 2 2/2 4 4/2 8 8/2 16 16/2 32 32/2 
Count No. 1 294 205 164 100 Sy) 29 11 5 Z 1 0 
Count No. 2 296 196 Sy7/ 94 53 Bil 13 5 2 1 0 
‘Count No. 3 298 189 163 100 61 31 72 4 2 1 0) 
‘Count No. 4 294 197 149 103 2 32 11 4 2 1 0 
Count No. 5 296 190 157 102 54 30 13 5 2 1 0) 
‘Count No. 6 279 188 154 101 56 28 13 4 2 1 0 
Count No. 7 281 187 150 91 53 31 13 4 ) 1 0 
Count No. 8 285 192 161 103 56 32 10 4 2, 1 0 
Count No. 9 301 192 154 92 60 32 13 4 2 1 0 
Count No. 10 290 187 158 101 55 Pa 12 5 Z 1 0 
Arithmetic mean (x) ABibeas “iSpo3y al )o7/ — Cisegh eyyeg/ AB )et) iol) alod 20) ie) — 
Standard deviation (c) Pee Sos SISK tT) wots) Pewsey Ibo Weal 0 0) — 
Coefficient of variation V (%) D5) 94 ee 508m 4-035 300 O(a oak Oey 4 — —_ 


good as with photographic paper, although in all other 
respects it behaves in a similar manner. The effect of this 
poorer edge definition on count reliability is shown in Table 4, 
which gives the results obtained by making ten successive 
‘counts of the same field on a sample prepared by spraying 
1% nigrosin solution on to glossy art paper. These results 
may be directly compared with the values in Table 1. 

The coefficients of variation are very much larger than those 
calculated for the photographic paper counts and are, in fact, 
‘similar to those of the visual count shown in Table 2. As 
)\the definition of the particles on the sample deteriorates 
(further, the reliability becomes even less. However, the 
‘results indicate that the sample quality may be somewhat 
)removed from ideality before the realibility of automatic 
/ counting is worse than visual counting. 
| Besides errors due to poor definition of the particles, 
{further errors may be introduced by overcrowding of the 
| particles on the sample. The effect of this is illustrated in 
‘the results in Table 5. These show the percentage number 
frequency of stains in each size group in a spray collected 
on photographic paper. Sample A was an ideal sample with 
) little or no overlapping, sample B had a denser deposit with 


slowly and carefully. Even then, as Courshee points out, 
their value is still dubious. 

The automatic counts in Table 5 show more similarity, 
particularly those on samples A and B in which the agreement 
is very good. However, the overlapping of particles in 


Table 5. Spray droplet stains on photographic paper. 
(Approximately 2000 stains sized on each sample; time for 
visual count 3-4 h, for automatic count 30-35 min) 


Number frequency (%) Number frequency (%) 
Visual count Automatic count 


Size range Sample A Sample B Sample C Sample A Sample B Sample C 
0 Byioq — Be — aleyh = Bijo3} BG So) 
D Ape\ PSY ibsyemy fos Nil oisy Ie! 

2/2 12)-9 4 Oe ISS 198 ee lire 

4 


1icS Gi5°7.011624- isiee ieee 1. 
4/2 103-96 13ele 121 ills giliczgeekics 
8 4:0 OY So SO meee ORE OSS 
84/2 1:0 ie) 1:0 2°8 29 gel 
16 0 0-3 0-1 0°5 thei iho 
16/2 0-1 0 0-1 0-1 0-1 
32 0 0 0 0 
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sample B does produce a very slight bias in the results; the 
proportion of particles counted in the 2,/2 range was signi- 
ficantly less than was counted in sample A, whilst the numbers 
counted in the 8 and 16 ranges were significantly greater. 
Sample C, with rather more overlapping, shows a greater 
bias, since the two smallest size ranges are low and there is a 
tendency for several of the larger ranges to give a high 
count. Thus, as might be expected, overlapping of particles 
reduces the apparent number of small ones and increases the 
proportion of larger ones, though the effect produced by any 
given aggregate depends on the profile that the aggregate 
presents to the line of the scanning spot. 

The bias produced by aggregates, though slight, can have 
a serious effect on the calculation of volume or mass para- 
meters, as is shown in Table 6 where the frequency figures 


Table 6. 

Size range 0 es 
Cumulative volume A 33 es 
Cumulative volume B 33 PAUL 
Cumulative volume C 29 Liye 


for the three automatic counts have been calculated on a 
volume basis. 

Thus an error in count of only 1 or 2% in the high size 
ranges can produce errors of the order of 20-30% in a cal- 
culated mass median diameter. 


4. Conclusions 


The speed and reliability of automatic measurement of 
microscopic particles by flying-spot scanning are con- 
siderably greater than can be achieved by visual microscopic 
measurement. With reasonable samples it seems probable 
that the degree of accuracy achieved is also considerably 
better, though routine visual counting is so unreliable that 
it cannot satisfactorily be used as a comparison standard. 
The speed of automatic counting enables sampling errors to 
be reduced, because many more particles may be measured 
in a given time than is possible by visual assessment. In fact, 
the advantages of automatic over visual counting increase 
considerably as the size of the samples and the number of 
samples to be measured increase. Even on a small sample, 
the automatic count is more reliable; for very large numbers 
of particles the accuracy of visual counting falls away rapidly, 
whereas with automatic counting the reliability is maintained. 

The operation of the instrument is reasonably straight- 
forward and, with practice, optimum accuracy may be readily 
achieved. The instrument is very versatile in that many 
types of samples can be measured over wide ranges of 
magnification, the only necessity being a reasonable degree 
of contrast between particles and their background. The 
range of magnification which may be employed with trans- 
mitted light is about 50 to 7000 diameters; with reflected 
light it is about 20 to 50 diameters, and for very low-power 
magnification the microscope may be dispensed with and 
samples scanned direct using a projection lens. 

The measurement of particulate area on a sample using 
the flying-spot scanning technique is also possible; the 
reliability and accuracy can be expected to be similar to that 
achieved in size measurement. 

The reliability of the instrument depends on the quality of 
the sample; for greatest reliability the particles should have 
well-defined clear-cut edges. Irregularly shaped particles 
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22 
559 
528 
614 
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which may be counted more than once will introduce son} 
error, and lack of good edge definition will cause a cor| 
siderable loss of reliability. Even so, the instrument cour} 
may still be as reliable as a visual count. | 

The overall accuracy with which a sample is assessed m: 
depend to a large extent on the sampling technique use¢ 
Where the density of particles on a sample is so great tha} 
aggregation or overlapping occurs, a simple automati] 
scanning method is unable to discriminate between the in 
vidual particles that make up the aggregates. The magnitu 
of the error which is introduced depends upon the alignme 
of the aggregates to the line of scan, but any such error : 
important where volume parameters are being calculate¢ 
The ideal requirement in a sample for automatic counti 
is to have the maximum number of particles present per un: 


16/2 | 


4 4/2 8 8/2 16 

1308 3373 8289 12341 14389 15 543 
1257 3922 8955 13 150 17655 18 809 
1356 3437 9018 13 507 18422 20739 


area without significant overlapping, the maximum numb 
being required to obtain the greatest advantage from t 
speed of automatic counting. 

The errors introduced by the presence of irregularly shape 
particles or overlapping particles may be minimized 
visually monitoring the count. The monitor screen sho 
all the particles as they are scanned and indicates the cou 
pulses as they are recorded. This fact enables a visud 
assessment to be made of the instrument’s operation an 
in this way it is possible to maintain a high degree of accurai 
on all but the most overcrowded samples. 
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Abstract 


The diffusion of hydrogen through granular materials 
partly saturated with water was measured by a non-steady 
state technique previously described. The two types of 
sample used consisted of solid particles (unimodal pore- 
size distribution) and porous particles (bimodal pore-size 
\) distribution), and all measurements were made on samples 
\\ being dried from saturation. Coefficients of diffusion D 
\| were calculated, and for the range over which the larger 
pores were emptying the empirical equation D= D,(e/ey)° 

fitted all materials, where ¢ is the fractional air-filled 
'y volume, ey is the volume occupied by the larger-pore phase, 
i) and where Dy is the diffusion coefficient when only this 
phase is air-filled. For all materials o ~ 4 whether the 
Mt samples were uniform or of mixed sizes. No such relation- 


(Nh 


\ ez, the crumb porosity €,, the shape factor for the crumbs 
or inter-crumb pores k, the shape factor for the particles 
forming the crumbs or crumb pores k,, and the moisture 
content of the sample. The spatial distribution of pores 
within a porous medium can be as important as the sizes 
of the pores. The factors k and m, previously introduced 
as particle-shape factors, now have a greater significance 
as measures of the geometrical complexity of a porous 


it complexity, depending on the amount added and _ the 
} nature of the system. The agricultural significance of 
diffusion between the crumbs D, and within the crumbs 
i D. is discussed, and it is suggested that D,, or its 
) associated complexity factor k,, might be used as an index 


Introduction 


ECREASING the air-filled pore space in a porous medium 
decreases the rate at which gases will diffuse through 
it. Though adding water is a convenient way of 
§ obtaining a continuously variable pore space, there is little 
evidence to show whether it acts differently from other ways 
| of decreasing pore-space, such as, for example, repacking, 
or mixing particles of different sizes. Nor is there much 
4 evidence to show whether diffusion through different types of 
/ porous media is influenced in the same way by wetting. 
'Hannen (1892) used a non-steady state method to measure 
carbon dioxide diffusion through dry and partly saturated 
4) packings of soils and sands. His data, re-calculated to allow 
for the exponential rate of decay of carbon dioxide concen- 
tration in the non-steady state (from the data available this 
| can only be approximate), show for dry materials a relation- 
ship of the form D/Dpy ~ 0:6«. All the points for wetted 
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| Gaseous diffusion in porous media. 
‘Part 3—Wet granular materials 


materials lie below this line when graphed, suggesting that, 
in his experiment, moisture was more effective than packing 
in decreasing diffusion. Buckingham (1904) used a steady 
state technique on both wet and dry sands and soils. From 
his data for carbon dioxide, the relationship D/Dy = ¢? 
emerged, but his range of moisture contents was too small to 
establish the role of moisture, other than as a pore filler. 
Soils were the only materials to which Penman (1940) added 
moisture, wetting them before they were packed into the 
diffusion cylinder, rather than adding water to already 
packed soils. His values of D/D,) for moist soils do not 
differ from those for other (dry) materials packed to the same 
porosity. Hagan (1941) measured diffusion rates through 
soils wetted with up to 18% moisture, and concluded that 
moisture content affected the permeability to carbon bisul- 
phide more than any other variable studied. By extra- 
polating regression lines for their diffusion data, Blake and 
Page (1948) showed that, where diffusion through one soil 
ceased at a porosity of 0-1, in another it reached zero only 
when the porosity was zero. They suggested that this may 
have resulted from the blocking of some of the air-filled 
pore-space by water films, but they did not give moisture 
contents. Taylor (1949) measured diffusion through a loam 
soil, a quartz sand and through powdered glass, interpreting 
his data in terms of ‘an equivalent diffusion distance’ (actually 
this is equivalent to (D/Do)~'/*).. This parameter bore no 
simple relationship to moisture content, to moisture potential 
or to air content, and the effect of moisture on diffusion was 
obscured. Measurements on soils in situ by Raney (1949) 
have too few supplementary data for the effects of cultivation 
to be separated from the effects of moisture. Bruce and 
Webber (1953) used Raney’s method on a loam soil and 
suggested that the relationship between diffusion and moisture 
content was closely related to pore-size distribution; they 
also stressed the inadvisability of extrapolating for diffusion 
rates at moisture contents outside the experimental range. 
Call (1957) measured the diffusion of ethylene dibromide 
through soils packed into tubes to simulate field conditions 
and his results supported D/Dy = 0-66 (« — 0:1). He too 
stressed the importance of ‘blocked pores’ but, with no data 
for moisture contents, the effect of moisture is difficult to 
separate from effects of dry porosity, soil condition, or 
possibly anisotropy of structure induced by compacting 
the soils. Rust et al. (1957) wetted non-soil particles, and 
found D/Dy) = 0:68 — 0:01, whereas for the dry materials 
D/Dy = 0:60e + 0:04. Their results suggest that moisture- 
blocked pores decrease diffusion more than pores blocked in 
other ways, and the values for wet soils lie close to the 
theoretical curve for cylindrical particles with blocked pores 
(De Vries 1950) and in no case above the curve for spherical 
particles. In an analogous study of the electrical conduc- 
tivity of electrolyte solutions saturating various granular 
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materials, Wyllie and Gregory (1953) investigated the effect 
of depositing a non-conducting compound between the 
particles. This they put into position in the dry packing in 
solution. The deposit of silica, which remained when the 
solvent was removed by evaporation, occupied the same sites 
as water would be expected to occupy when added to the 
same type of packing. If the analogy is exact, their results 
suggest that the relation D/Dy oc ¢*:? might be expected. 

Theoretical investigations of the type used for dry materials 
are few. The equation D/Dy = 7/2 of Marshall (1959) makes 
no distinction between wet and dry materials. Millington 
(1959) modifies his relationship for dry soils (D/Dp = €*/3) 
to read D/Dp = n*(e,4/3/m*), where m equal-volume pore- 
size groups make up the total porosity e, and when u of these 
are drained, the air-filled pore-space is given by €,; = n(€/m). 
The effect is to predict a lower rate of diffusion through moist 
materials than through dry materials of equal air-filled 
porosity. De Vries (1950) has suggested a ‘blocked-pore’ 
factor for use with his equation, but no existing method 
distinguishes at a given moisture content between pore- 
space which is merely water-filled and pore-space which 
might be termed ‘blocked’. 

Qualitatively the presence of water seems more effective in 
decreasing gaseous diffusion than are other agents that 

ecrease air-filled pore-space to the same extent, but quanti- 
tatively it is impossible at present to predict the decrease in 
diffusion rate for a given type of material. 


Measurement of diffusion 


The apparatus described in Part I (Currie 1960a) was 
used to measure the diffusion of hydrogen through the porous 
samples. To use the technique of Part I (Currie 1960b), it 
was first necessary to overcome difficulties not encountered 
with dry materials. 

The supporting gauze, as previously, had to be rigid, able 
to retain the granules, and offer the minimum resistance to 
diffusion. In addition, with moist samples, the apertures 
had to remain open in diffusion experiments, but had to be 
able to transmit water as the sample was brought to moisture 
equilibrium on a suction plate. Three attempts to avoid the 
use of permeable supports failed. 

In the first, granular packings were stabilized by adding 
adhesive in solution and then allowing it to dry, but the large 
quantity needed to produce stability raised doubts about the 
nature of the resultant pore system (Wyllie and Gregory 
(1953) showed the effect of adding a cementing phase to 
various granular materials). Similarly, sintered-glass blocks 
were thought to be atypical of unconsolidated packings. 

In the second attempt, a U-shaped tube of square section 
was used—copying van Bavel (1952)—with one end fitted 
into the sample tube recess and the other open to the atmo- 
sphere. Though this supported the porous material without 
in any way impeding ‘longitudinal’ gas flow, it had two 
disadvantages. In the second limb, the upward diffusion of 
hydrogen was assisted by convection to an unacceptable 
extent; and with some wet materials, a moisture gradient 
was set up within the sample, which was capable of sealing 
the bottom of the U-tube while leaving the sample as a 
whole unsaturated. 

In the third attempt, the lower end of the straight cylin- 
drical tube was sealed and hydrogen from the gas tube 
diffused to a concentration in equilibrium with the air in the 
porous sample. Though a simple working equation was 
developed for this system, in practice the interval over which 
the changing concentration could be followed was too small 
to allow D to be reliably estimated. 
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Because these attempts failed, it was necessary to resort { 
the permeable support. By careful choice of suitable opea| 
meshed nylon fabrics, supports fulfilling all requirements fq 
specific materials could be provided. | 

The second new difficulty was the variability of moistut 
distribution throughout the samples. When samples packe 
in 3 in. tubes were nearly saturated, some downward drainag 
occurred. At best, a measured diffusion coefficient coul 
then be related to a mean value of saturation bu 
diffusion through the sample often ceased when onl 
the lower end of the sample was blocked by moistur¢ 
Shorter tubes (1 in.) were satisfactory, and when made ¢ 
Perspex allowed the presence of moisture gradients to 
observed. Occasionally, the visual checks were supplement 
by destructive testing. To maintain the convenient time sca] 
of experimental operations, the cross-sectional area of th 
tubes was altered from approximately 22 cm? to about 8 cm 
These tubes were fitted with flanges at the upper ends t 
enable them to fit snugly into the apparatus in place of th 
standard brass tubes. 

The wet samples required careful preparation to give repr 
ducible diffusion coefficients. All the measurements we 
made on samples being dried from saturation. After 
initial diffusion measurement when dry, the sample w 
evacuated in a desiccator; air-free distilled water was the 
admitted and allowed to saturate and almost submerge t 
sample before the whole was restored to atmospheri#i 
pressure. The total pore-space calculated from the weig 
of liquid held at saturation agreed well with that derive 
from the weight and density of the solid phase, indicati 
that saturation was complete. The sample was then place 
on a suction plate (sintered glass or other porous material 
brought into equilibrium with a chosen water potential, 
set of diffusion measurements made, and the moisture conte 
determined by weighing. A series of such operations 
increasing moisture tensions was continued until the suctio 
plate technique became inadequate. When further increa 
in tension failed to remove enough water, the remaind 
was removed slowly, either by passing a stream of air throug: 
the sample, or by bringing the sample to equilibrium ov 
saturated solutions of selected salts. A final diffusio 
measurement was made after the sample had been completel 
dried over phosphorus pentoxide. Comparison of initi 
and final diffusion coefficients for the dry sample showe 
whether the particles had been obviously re-orientated in th 
sample during handling. In practice, agreement between th: 
coefficients was always well within the 1 % tolerance permitte 
between duplicate determinations on the same sample. 

In samples prepared by desaturation, the continuity of ai 
filled pore-space with the outside atmosphere was ensure 
Saturating dry samples by small increments of water oftes 
entrapped air, isolating pockets that could not contribut: 
towards gaseous diffusion through the sample. For thi 
reason, which must not be regarded as a hysteresis effect 
reproducible results were obtainable only on the drying cycle 

Materials used. The materials used were in two mail 
groups—uniform solid particles and uniform porous particles 
The first group comprised glass spheres, sand and carborun 
dum and, for convenience, the sintered-glass block 
(Porosity 2); the second included pumice and soil crumbs 
Three soils were used, chosen as having different cruml 
porosities, €, (ie. the fractional volume of the crumb fre 
from solid matter), and expected to have differing interna 
structure. Two of these soils were unstable in water and al 
three swelled on wetting. Though this swelling (and shrink 
ing) doubtless has an important influence on the diffusio1 
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‘| of gases and ions, particularly in agricultural soils, it was 
considered desirable to exclude it from the present work. 
‘The soils were therefore heated to 800° c, which stabilized 
the crumbs, increased crumb porosities by from 6 to DY, Oi 
“the crumb volume, and probably modified the original 
“structure slightly. 


ai) Experimental results 


" With all the materials tested, adding water caused a decrease 
in the diffusion coefficient (Fig. 1), but only in packings of 
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Fig. 1. Relative diffusion/porosity relationships for uniform 


solid particle systems on drying from saturation (left to right): 
(a) sintered-glass blocks; (b) glass beads; (c) sand; (d) car- 
borundum. 


Sample 1, 0; Sample 2, ©; Sample 3, A. 


{by equal decreases in porosity achieved by repacking or 
‘particle mixing. When plotted on a log-log basis (Figs 2 
4and 6) the data for all materials may be fitted over a sub- 
stantial (lower) range of porosity by D/Do = 7° where 7 is 
a function of the total porosity er and of the corresponding 
| diffusion ratio Dy/Dp for solid particles, or of the inter-crumb 
\ porosity ¢«, (Fig. 9) and corresponding diffusion ratio D,/Do 
for porous particles. For both types of particleo ~ 4. When 
| there is any deviation from this equation over the lower range, 
/it occurs as e€ + 0 in the sense that o < 4, whereas theories 
) involving ‘blocked pores’ and ‘cut-off’ values at low porosities 
lead to co > 4. Particle shape influences the rate of diffusion 
\ through dry materials (Currie 1960b), but from Figs 1 and 2 
‘it is apparent that in wet materials particle shape has much 
less effect on diffusion, for fairly obvious reasons. For the 
former, particle shape is the main determinant of pore shape, 
but in wet materials the pore shape is very much modified 
| by the presence of water. Whatever the shape of the empty 
pore, the water menisci between the particles ‘round off’ the 
boundaries of the air-filled volume, so that at a given degree 
_of saturation, most solid-grain packings will exhibit the same 
‘pore shape. Exceptions to this are inevitable, and for 
particles of irregular shape a higher degree of saturation is 
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expected to be needed before the pore shape ceases to be 


characteristic of the particles. 


Packings of porous particles 


are in this category, for they must be completely saturated 
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Fig. 2. Logarithmic diffusion/porosity relationships for 


uniform solid particle systems: (a) sintered-glass blocks; 
(6) glass beads; (c) sand; (d) carborundum. 


Sample 1, O; Sample 2, 0; Sample 3, A. 


before they become representative of the solid particle 
packing. Figs 5 and 6 show this and will be discussed later. 

Figures 1 and 2 refer to materials of uniform particle size 
having sigmoid moisture retention curves (Fig. 3, curves 


(a-d)) characteristic of a normal pore-size distribution. 


To 


show that it is the normal distribution of pore size and not 
uniformity of particle size which governs this type of mois- 
ture/diffusion relationship, the measurements were repeated 
on a mixture of 5-6 and 0-75-0-8 mm diameter spheres, 
and on mixtures of 0:5-1:0 and 1-2 mm crumbs for one of 


the soils. 


Moisture/diffusion curves (Figs 4 and 8) and 


moisture retention curves (Fig. 3 and Fig. 7, curve (e)) for 
these mixtures are similar to those obtained for particles of 


uniform size. 


Porous particles give packings with at least two distinct 
kinds of pores, namely those between the particles, the infer- 
crumb pores, and those within the particles, the crumb pores 
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(Fig. 9). (Orr and Dallavalle (1959) use the terms ‘voids’ 
and ‘pores’ respectively for these two groups.) Such a system 
has discrete zones of smaller pores separated by a continuous 
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Fig. 3. Moisture retention curves for solid particle systems. 
(a) Sintered glass ee 
(yeGlass beaGs se 
(c) Sand 
()Cavdororminchiion  ssooadascsaone 
(e) Mixed glass beads —.—.—-—.— 
13 
o 
jue) 
29h ia 
& 
r= 8 
= 0° 
25 
Q 
fe} 
21 4 =i 
28 h2 1-6 
Log & 
Fig. 4. Diffusion/porosity relationships for mixed solid 
particles. 
Sample 1, 0; Sample 2, o. 


system of larger pores, and is characterized by a ‘double 
sigmoid’ type of moisture retention curve (Fig. 7—only the 
lower sigmoid is shown). Desaturation/diffusion curves for 
such samples (Figs 5 and 6) reveal two distinct phases corre- 
sponding to desaturation of, first the inter-crumb pores, and 
second the crumb pores. In the first phase, the process is 
identical with the desaturation of the simple pore system, the 
saturated granules behaving exactly as solid particles of the 
same shape and volume. (Four systems were fully investi- 
gated, and limited experiments with ten similar materials 
produced no evidence contrary to this finding.) In the 
second phase, there is no consistent relationship between the 
volume of the crumb pores and the increase in diffusion 
brought about when they are drained. This will be better 
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porous particle systems. (a) Pumice; (b) HPP soil crumbs; | 
(c) Ba80 soil crumbs; (d) TBL soil crumbs. | 


Sample 1,0; Sample 2,0; Sample 3, A. 


understood with reference to the crumb material. T 
equation of De Vries (1950) for a dry packing of poro 
crumbs may be written as 


D_ 1—(—kDJD)\0 =«) 
D, [eS ee) 


where k is a shape factor for the crumb, and where e, is t 
inter-crumb porosity. D,/Do represents the diffusion rat 
for a continuous expanse of crumb material and will it 
be a function of the crumb porosity €,, and the shape of t 
particles forming the crumb (shape factor k,). As the c 
material is a consolidated medium, k, will have a wider ran 
of values than for unconsolidated media and will confer of 
D,/Do an extended lower range of values. At the beginni 
of phase two, when the inter-crumb pore-space is complet 
empty, and the crumb pore-space is completely full D, = 
and at this stage 


D se €y 
Do 1+(k—1)0 —<«) 


i.e. the saturated crumbs act as solid particles of the sam 
shape and volume. As phase two continues, water is with 
drawn from the crumbs, and D, becomes positive as the tote 
air-filled pore-space increases to include a crumb componeni 
Search for a simple power law relating D, and crumb pore 
space has so far been unsuccessful. The value of D, mus 
depend on the porosity of the crumb, the fraction of thi 
occupied by water, and the shape of the particles making w 
the crumb, so that the measured diffusion ratio D/D» mus 
be dependent on at least five independent variables, for t 
these three have to be added the inter-crumb pore-space 
and the shape factor for the crumbs as units. Not much i 
known about the internal geometry of the crumbs, but th 
crumb porosities €, are given in the Table. The ease wit 
which the different crumbs were saturated suggests that th 
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Fig. 9. Diagrammatic pore distribution for solid particle 
systems (type 1) and porous particle systems (type 2). 
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internal geometry of the HPP crumbs was least complicated internal structure than either the Ba80 or TBL crumbs, t 
and that of the pumice most complicated. The agricultural first of which are from a continuously cultivated arable s 
history of the soils suggest that the HPP crumbs have a better and the second from a boulder-clay sub-soil in which a hi 
degree of particle orientation might be expected. 
Table. Data for dry samples Only two of an almost infinite number of types of poro} 
Ee Dr/Do Be system have been considered here, but they are those mq 
0-303 0-137 commonly encountered in practice. Pore-size distribution) 
: of apparent importance, but other materials may have simi 
Sintered glass tes ie i ae pore-size distributions without necessarily exhibiting t. 
same moisture/diffusion characteristics, or the same moist 
0-378 0-236 retention curves, for example one in which the larger por} 
Glass beads 0-373 0-237 _ are isolated in a continuous matrix of smaller pored materié 
0-376 0-239 It is therefore necessary to specify also the spatial dist} 
butions of these pore-size groups and the continuity of t] 
0-387 0-230 pores. Moisture retention curves seem the necessary cot 
Sand 0-379 0-214 a promise between these three requisites. | 
0-381 0-224 In Part IJ, shape factors, k and m were calculated for i 
0-386 0-204 the dry materials used, recognizing that the values for t} 
Carborundum 0-408 0-216 eas porous particles were ‘effective’ shape factors. Values for} 
0-419 0-228 and m were calculated for one sample from each of the fo) 
different materials of this type (Fig. 10). Both pass throu 
0-701 0-285 a sharp minimum at the water content when only the crum} 
Pumice 0-703 0-276 (eswly are saturated, showing a very clear transition from phase: 
0-700 0-280 to phase 2 and these values represent the factors for the tr7 
0-673 0-378 shape of the crumb. The values for the four materials diff 
HPP 0-676 0-375 0-418 in a way consistent with the observed differences in partic 
0-677 0-374 shape. The factors & and m, originally introduced as parti 
shape factors, can now be given greater significance 
0-612 0-307 measures of the complexity of the pore system, a conc 
Ba8O 0-617 0-306 0-350 equally applicable to consolidated and unconsolidat 
0-612 0-306 materials. Starting from dry materials and adding wa 
cee (moving from right to left in Fig. 10), there is a stea 
TBL 0: - 8 aes 0-295 decrease in complexity as the crumb pores are filled, reachi 
0-634 0-301 the minimum at crumb saturation. Further additions be 
to fill spaces between crumbs, increasing the tortuosity of t 
ees 0-213 0-128 remaining air path and so increasing the complexity again. | 
ead mixtures 0-226 0-136 - 
Soil mix 1:2 0-656 0-363 oe 
Boil 0-674 0-381 0-418 It is apparent for a given porous material that, unl 
3m) 0-686 0-393 certain geometrical properties are known, the effecti 
(a) |!0 6) ] (110 w 
8 8 
6 6 
k k 
4 4 
= m 
2} Seer? |) a Lol seal 
ok 
am 
0 
0408 0 OF 08 a TFS 


Porosity 


Fig. 10. The effect of moisture on ‘shape factors’. 


(a) Pumice; (5) HPP soil crumbs; 
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(d) TBL soil crumbs. | 
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) diffusion coefficient cannot be interpreted in terms of moisture 
content. Further detailed examination of published data 
reviewed earlier must be restricted to those materials for 
which these specifications appear complete. Taylor’s data 
for quartz sand can be fitted with a fourth power relationship 
but not those for powdered glass. In assessing the other 
ijsomewhat contradictory data, it must be remembered that 
ljadding water can simplify or complicate the system for 
diffusion according to type of medium. Values for k and m 
calculated from Penman’s data are lower for wet than for 
dry soils, consistent with what is known of the method of 
ijpacking. Call’s data are not inconsistent with a fourth- 
ipower relationship between diffusion and porosity, bearing 
lin mind that the packings were not of the same total porosity 
ior all of the same crumb porosity, factors ignored in fitting a 
linear relationship. Other results interpreted by their 
‘Jauthors in terms of ‘cut-off’ values, may be satisfactorily 
iiexplained by D/Dp « e+, for it is not always possible to dis- 
y;tinguish between first and higher power relationships, espe- 
\ycially over limited range of porosity and with a high experi- 
mental error. The relation D/Do « «**, suggested from the 


Most agricultural soils can be placed in the two categories 
studied here. Soils where sand predominates are of the first 
ditype. Most soils, however, contain some clay and because 


jsub-soil, and the clods, crumbs and aggregates of the culti- 
vated layer. The larger inter-crumb pores permit surplus 
{water to be removed easily and allow gases to diffuse 
between the ‘crumb’ surface and the soil surface; the smaller 
crumb pores hold the reserve of water for plant growth and 
are the site of much of the biological activity in the soil. 
For this activity to proceed satisfactorily, i.e. in a direction 
eneficial to crop growth, oxygen must reach these smaller 
qpores and carbon dioxide must be removed, both gases 
diffusing through partly saturated crumb pores. The inter- 
change of gases between respiring organisms and roots in 
the soil involves two of the factors studied here, firstly D,/Do 
for the diffusion in the inter-crumb pores, and secondly 
D,/Do for the diffusion between the crumb surface and the 
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respiring surface. In addition to gaseous diffusion within 
the crumbs, there is also ionic diffusion induced by nutrient 
uptake by the organisms. By analogy, D,/Do will be the 
same for ions in the saturated crumb as it is for gases in the 
dry crumb, but the same power law will not necessarily govern 
both at intermediate saturations. The value of D,/Do or its 
associated complexity k, is likely therefore to be an important 
parameter for soil structure, applicable both to individual 
crumbs and to larger units in an isotropic soil. Though the 
full relationship has yet to be determined, the necessary para- 
meter can probably be calculated from the values of €,, Dy 
and Dy obtained from the methods described. 
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Abstract 


When the surface of the cathode of a gas discharge is 
contaminated with insulating substances or with mercury, 
the discharge may develop into an arc with a lower voltage 
drop than when the contaminant is not present. Insulation 
particles are added to the electrodes of spark gaps designed 
to have a low impedance. With mercury, the minimum 
voltage and current values required for arc formation are 
lower the more effectively the mercury wets the electrode 
surface. Both contaminants play a part in the pheno- 
menon of arc-back in arc rectifiers. The probability of 
arc-back depends on the random concentration of ions 
and also on the nature and extent of the contamination 
of the anode; this varies both with the conditions of 
operation and with previous treatment. The paper dis- 
cusses the interpretation of tests made in ‘synthetic’ 
circuits to determine the probability of arc-back in a 
rectifier in service. 


1. Theories of arc-back 


by that of arc-back in rectifiers. It is commonly 

accepted that insulating particles on the anode surface 
are a major cause of arc-back, as originally suggested by 
Langmuir (1928). At the end of the forward conduction 
period the insulating particles become charged by ions from 
the residual plasma, these being accelerated towards the 
anode by the field due to the inverse voltage; if the potential 
of any particle rises sufficiently above that of the adjacent 
conducting surface, the local electric field causes field 
emission of electrons, and this may lead to the formation 
of an arc. 

The theory is consistent with numerous experimental 
observations. Malter (1936) observed electron emission from 
an oxidized aluminium cathode when the oxide layer became 
charged with positive ions. Kingdon and Lawton (1939) 
made tests in which an electrode immersed in a plasma was 
made momentarily negative by the discharge of a capacitor; 
they found that the voltage required for arc formation was 
considerably lowered if the electrode surface was con- 
taminated by insulating particles, such as powdered quartz, 
alumina or glass, and that the effect disappeared when the 
insulation resistance of the particles was reduced by heating 
the electrode to about 1000° c. 

Earlier experimenters (von Issendorff, Schenkel and 
Seeliger 1930, Dallenbach, Gerecke and Stoll 1925, von 
Issendorff 1929, Slepian and Ludwig 1932), studying the 
problem by applying potentials to electrodes immersed in 
plasma, as well as by a wide variety of inverse-current and 
arc-back tests in rectifiers, had noted that an arc is liable to 
be formed when positive ions, accelerated towards the anode, 
fall on foreign substances on its surface. It was thought that 


T problem of arc formation in a plasma is typified 
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the initiating mechanism was thermal emission from partic: 
heated by ion impact. This could be the case if the ca 
tamination were of low work-function material, especia, 
if it were in such loose contact with the surface as to | 
easily raised to a high temperature. 
It is likely that both thermal and field emission agenci 
contribute to arc-back: another agency which does n! 
obviously fit either theory, and to which further attention | 
given below, is the presence of mercury on the anode. 


2. Are-back probability 


Kingdon and Lawton (1939) studied the validity of tl 
insulating-patch theory by observations of arc-back — 
mercury-are rectifiers. On this theory, the probability , 
arc-back would depend on the chance of an adequate co 
centration of ions at a particular spot at a critical mome 
If the distribution of ions in the space close to the ano 
is assumed to be random, the chance may be expressed 
the Poisson probability formula: if the average number 
ions collecting at a spot of given size in a given time is 
then the probability that in any individual trial the numb 
will be 7 is expressed by 


Theme 
P(n) = ore 
nN. 


If n is the number leading to arc-back, P(n) denotes ti 
arc-back probability. A family of curves may be dra 
showing P(n) as a function of m for different values of n. 

In the present case neither m nor n is known. The avera 
value of m depends on the number of ions available and 
their rate of arrival at the sensitive spots. Kingdon a 
Lawton assumed it to be proportional to di/dt, the 
rate of fall of the current (which represents the number 
residual ions in the space at the end of the conduction perio 
and to V, the initial inverse voltage; the factor V was adopted 
‘for a trial’ as representing the rate of flow of the ions towar 
the anode. Their experimental observations of arc-ba 
probability were then plotted against an arc-back fact 
F = Vdildt, the points being fitted to the probability cur 
to which they made the best match. This gave a value fe 
n (which was a characteristic of the curve selected) and als 
for the constant k in the assumed relation m=kF. TI 
number n required for arc-back varies with the state « 
ageing of the device; it was assumed that the value of | 
obtained with a fully aged rectifier, that is when arc-ba 
is due to the most sensitive spot left permanently on t 
anode, applies as a constant for the device (althoug 
dependent on pressure). | 

The work described was intended mainly to test ‘a pat 
ticular hypothesis’ relating arc-back to the charging ) 
insulating particles. The factor F has been generally accepte 
as a useful working guide for circuit design, and particular 
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as indicating a maximum condition not to be exceeded. 
Later writers (Steiner, Zehner and Zuvers 1944) proposed to 
extrapolate the probability curves so as to predict the 
behaviour of a rectifier in service; this is discussed later. 


3. The development of the arc 


The conditions at the anode surface may give rise to a 
reverse Current without producing arc-back. The transition 
to a self-sustaining arc regime requires an agency which 
facilitates electron emission, not only initially but also 
Juring the development of the discharge. With insulating 
darticles this condition is fulfilled because the particles 
\jretain their charge as new ions formed in the discharge 
yyceplace those which leak away. 
| Further, the current must reach the minimum value 
)|equired for cathode-spot stability while the favourable 
sonditions still obtain. The inductance of the circuit sets a 
mit to the rate of rise of current; it also tends, however, to 
reduce the value of current required for arc-spot stability. 
»m an experimental test with a mercury-pool rectifier, the 
cathode spot for a current of 2-5 A had a most probable life 
of about one minute with negligible inductance in circuit; 
out the arc was stable throughout an hour’s test at 1:24 
when an inductance of 7 mH was connected in series. 

i) It is common practice to insert reactance in rectifier 
‘jzircuits in order to limit the possible fault current to a 
maximum permissible value. This limits both the rate of 
fall of forward current and the rate of rise of inverse current, 
athe two rates being identical if arcing occurs. A reduction 
(fin the rate of current change reduces the danger of arc-back 
‘lin two ways: it reduces the residual ionization and also 
itincreases the chance that the conditions favouring emission 
will have disappeared before a stable arc is formed. On 
wthe other hand, the reactance reduces the value of current 
needed for stability and may, in that way, increase the 
danger of arc-back. It is probably unwise to assume that 
two different conditions giving the same value of F will 
aave the same arc-back probability. 

The chance of arc formation will vary also with the rate 
jof rise of the inverse voltage on the anode. The factor F 
assumes the rate of rise to be infinite; this is acceptable for 
ough guidance, but the actual rate of rise should be con- 
jsidered in any careful analysis of the conditions of arc-back. 


4. Experiments on effects of electrode contamination 
4.1 Insulating particles 


In experiments on an ignition system for aircraft engines, 
5000 pF capacitor was charged by the magneto to a voltage 
of a few kilovolts and then discharged, via a spark gap, 
through the primary of a transformer, the secondary of 
(which was connected to a sparking plug. It was desirable 
for the gap, which was filled with hydrogen at a pressure of 
4;0me hundreds of millimetres of mercury, to have a constant 
breakdown voltage; also, because of the limitation on the 
amount of energy available from the magneto, it was necessary 
to reduce to a minimum the energy losses in all components, 
including the spark gap. 

The early form of the gap is shown in Fig. I(a): the 
electrodes were sheet-metal pressings spaced apart by a 
2ylindrical glass or ceramic spacer. Constancy of breakdown 
voltage was ensured by pre-ionization due to corona discharge 
at the junction of the spacer and the metal pressing. Loose 
insulating powder (magnesia or alumina) in later gaps shown 
in Fig. 1(b) produced a similar effect in stabilizing the break- 
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down voltage: the particles became charged with ions and 
the resulting field concentrations provoked electron emission. 
The initiation of emission at the insulator/conductor junction 
did not ensure the transition to an arc with a low voltage 


pK t 
Le 
la 


(a) (b) 


Experimental, hydrogen-filled spark gaps. 
bulb diameter 14 in. 


(a) Electrodes spaced by glass or ceramic cylindrical member. 
(5) No spacer. 


Rigel: Glass 


drop; this occurred regularly only when insulating particles 
were present on the cathode surface. The current in the 
gap and the voltage across it during the first half-cycle of 
current, in an equivalent circuit without the sparking-plug 
breakdown, is shown in Fig. 2 for three typical examples. 


20007-1 32 
24 
> < 
~ 1000 16 = 
3 3 
e Si 
(o) 8 
t T D | 1 i T 40 
0 01 02 03 0-4 0-5 


Time (jis) 


Fig. 2. Gap voltage and current in spark gaps as in Fig. 1(a). 


Curve A, nickel electrodes: 7 peak = 29-8 a; curve B, nickel 
electrodes: J peak = 31-3 A; curve C, aluminium electrodes: 
Pe peake— 350A. 


In many of the experiments the gap impedance was judged 
by the amount of damping observed on the oscillatory wave 
form of the open-circuit output voltage. 

With early gaps having electrodes of sheet metal, the 
behaviour as regards damping was very erratic. Tests were 
made in a bell jar with the electrodes held 34 mm apart, in 
air, by means of a spacer as shown in Fig. l(a); the air 
pressure was reduced until the breakdown voltage was about 
5kv. The first experiments were made with dissimilar 
electrodes, one of nickel sheet and one of aluminium. The 


BRITISH JOURNAL OF APPLIED PHYSICS 


ELECTRODE CONTAMINATION AND ARC FORMATION 


breakdown voltage with the aluminium cathode was 10% 
lower than with the nickel cathode. In sparking tests, at 
about 300 sparks per second, there was at first no damping 
for either polarity; after three minutes there was some 
degree of damping with aluminium as cathode and critical 
damping with nickel. After about ten minutes the damping 
was less severe, and shortly afterwards it disappeared for 
both polarities. 

The initial favourable results were due to the oxides 
adhering to the surface of each electrode. With continued 
sparking the oxide particles were removed from both elec- 
trodes by sputter, the effect being more pronounced at the 
nickel surface. The aluminium surface, however, sub- 
sequently became oxidized by the sparking in air, and in 
time this more than restored the position favourable to arc 
formation: under the microscope the aluminium appeared 
as if covered with metal globules, each having a white 
crystalline cap, presumably of aluminium oxide, as seen in 
the microphotograph of Fig. 3. The nickel electrode 


[0 ] 0.1 mm 


Fig. 3. Microphotograph of aluminium electrode after 
sparking in air in a gap similar to Fig. I(a). 


recovered a condition favourable to the formation of a 
low-impedance discharge when it became partially covered 
by patches of crystalline grains, over about 5°% of its surface; 
these grains, which can be seen in the photograph of Fig. 4, 
are probably aluminium oxide sputtered on to the nickel 
from the other electrode. 

In further experiments, the electrodes were of aluminium 
which had been oxidized, in some cases by sparking in air 
and in others by anodizing; in each case no damping was 
observed when the electrodes were used in hydrogen-filled 
spark gaps for about 30 to 50 hours, after which damping 
set in, the oxidized surface having disappeared because of 
sputter. 

In spark gaps for service use, the continuous supply of 
insulating particles was ensured by forming the electrodes 
of a sintered mixture of metal and insulating powders (Knight 
and Welch 1944); a mixture of nickel with 7% by weight of 
alumina gave a satisfactory performance and life. 


4.2 Mercury contamination 


In the operation of ignitrons at 15 kv or more, it is impor- 
tant to ensure that free mercury is removed from the insulating 
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| 
bushing supporting the anode and also from the stress shiel] 
and electrode parts in their neighbourhood, in order |} 
prevent voltage breakdown. In the arc-back tests describj 
below, it was observed that the tendency to arc-back 


[0 | 0.25 mm 

Fig. 4. Microphotograph of nickel electrode after sparking 

in air in a gap similar to Fig. 1(a) with opposite electrode 
of aluminium. 


increased by the presence of mercury on the anode itse 

Mercury on an electrode increases the probability of brea 

down by maintaining a local vapour pressure higher th 

that corresponding to the cold-spot temperature; the 

appears, however, to be some additional effect to account fd 
arc formation at a surface contaminated by mercury. 

Trials were made in experimental glass tubes, in mercua 
vapour, to study the formation of arc spots on differe 
forms of cold cathode. The anode and cathode under te 
were connected to a capacitor-discharge circuit. Discharg 
was initiated by establishing ionization in the path, 
passing a pulse of current, of about 0-5 A peak value, betwe 
an auxiliary anode and a hot cathode, in a separate circu 
The current flow thus initiated in the main path may be eith 
an arc, with a visible cathode spot, or a high-impedan 
discharge. 

Three forms of cathode were used: (a) a tungsten ro¢ 
0-080 in. in diameter, sheathed with glass to within + in. ¢ 
the tip; (b) a nickel-sheet cylinder, }in. long x Lin. diz 
meter; (c) a graphite rod, $in. long x 4 in. diameter. 

Table 1 gives the minimum capacitor voltage and pea 
current at which an arc occurred. The figures refer to tk 
particular triggering method used: other conditions ma 
give different results; for example, the voltage required 
lower if the cathode is used as the anode of the primin 
discharge. 


Table 1. Conditions for arc formation at experimental 
cathodes 
Test No. Test cathode Min. conditions for are 
1 Glass-beaded tungsten 1000 v, 504 
Nickel: surface wetted 
with Hg 300 v, 104 
3 Graphite: surface wetted 
with Hg 500 v, 254 
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With unwetted nickel or graphite, there was no arcing at 


‘| up to 2500 v, whether or not free mercury drops were present 


'on the surface. For test No. 2, mercury was condensed on 
‘to the electrode by cooling with solid carbon dioxide applied 
to a boss fitted to the external terminal. For test No. 3, 
the graphite was first contaminated with nickel sputtered 


. 


} 


. 


} 
| 


dips into the mercury pool. 


from an adjacent electrode. With the tungsten electrode 
the cathode spot formed at the glass/metal junction. On 
wetted surfaces the arc spots formed at random points, but 
generally only where the mercury was in a thin layer; also 
the conditions changed as the tests continued, requiring 
increasing values of voltage for arc formation. 

The arc drop, measured with the cathode of test No. 2, 
varied linearly with current, from 28 v at 10A to 80v at 
624. The vapour pressure was about 3 to 10 microns Hg. 
After many repeated pulses the arc drop tended to rise and 
then the arc failed (except at increased voltages). After a 
period allowed for cooling, arcing would again be obtained 
as before; this condition could be maintained for a prolonged 
period if the electrode was kept cool with solid carbon 
‘doxide (as described above). 

The requirements for arc formation are lower the more 
effective the wetting by the mercury. If the nickel (in test 
No. 2) was tarnished before the mercury was deposited, the 


}|wetting was satisfactory in appearance, but the minimum 


values for arcing were 2000 v, 110 4, i.e. much greater than 
when the nickel was clean and the wetting more effective. A 
similar result is observed when the electrode becomes warm, 


‘ta condition tending to reduce the degree of wetting. 


Figure 5 shows a form of arc-transfer valve, in which a 


jcathode spot is formed at an insulator/conductor junction 


= a 


JI 
W 


—4] 


Fig. 5. Experimental arc-transfer valve with mercury-pool 
cathode and auxiliary hot cathode. A, auxiliary hot cathode; 
B, anode; C, slot in ceramic member; D, mercury-pool cathode. 


on acold cathode. In this case the main arc path is between 
an anode and a mercury-pool cathode. An auxiliary 


‘thermionic cathode is situated in an enclosed chamber, the 


wall of which, at its lower end, is of ceramic material, and 
The enclosed space com- 
municates with the main chamber through a slot at mercury 
level. 

One method of starting conduction is to initiate a priming 
discharge (for example with grid control) between the anode 
and the hot cathode, the latter being connected to the pool 
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cathode through a current-limiting impedance. The priming 
discharge passes through the slot, close to the mercury 
surface. If the anode voltage is high enough an arc spot 
now forms at the ceramic/mercury junction, and the arc is 
transferred to the direct path from the anode to the pool 
cathode. The hot cathode need only carry a current of a 
fraction of an ampere, even though the main arc current 
may be thousands of amperes. 

The arc spot forms by the same process that causes arc- 
back at insulating patches on rectifier anodes. But when the 
ceramic near the slot becomes contaminated with sputtered 
material and then wetted by mercury, the voltage required 
for arc formation and the current for are stability are both 
lower than when the ceramic is clean. 

Mercury contamination may be a contributory cause of 
arc-back in rectifiers. Mercury-wet patches are sometimes 
present on graphite anodes after a period of service; the 
mercury forms an amalgam with metal evaporated or 
sputtered on to the anode from walls or baffles by the action 
of arc spots or as a result of local heating due to the recom- 
bination of charged particles from the plasma. 

Wetting by mercury favours the development and the 
stability of the arc; this is shown by the fact that when a 
cathode spot is anchored on a wetted metal surface projecting 
from a mercury pool, the arc drop is lower than when the 
spot is free, and the arc is stable at a lower current. According 
to the theory of von Bertele (1955), the work function of the 
mercury/metal alloy formed at the surface is lower than that 
of either member by itself. This would have no effect on 
arc formation when the mercury adheres in a thick layer; but 
in the present tests the likelihood of arcing increased as the 
electrode became warm and the excess mercury disappeared. 


5. Arc-back tests 


For a six-anode rectifier to have an arc-back probability 
not greater than one per year, each anode must have a 
probability of not more than one in six years. To obtain 
data useful in an assessment of rectifier performance, some 
kind of accelerated test-is unavoidable. The rectifier circuit 
may be overloaded, or alternatively, if the power involved is 
considerable, test circuits may be used which apply simul- 
taneously from low-power sources the voltage and current 
conditions leading to failure (Dobke 1951). Both methods 
are ‘synthetic’, and the conditions obtaining in any accelerated 
test may differ significantly from those in normal service, 
in respect of local temperatures, sputter and the migration 
of contaminating particles. 

The occurrence of more frequent arc-back in the test 
circuit will itself introduce an artificial condition. When 
arc-back occurs it may remove its cause, the contamination 
being evaporated or removed bodily to some other part of 
the device; this causes ageing, reducing the probability of 
further arc-back. The effect may, however, be quite the 
reverse. Erosion of the anode may expose insulating particles 
hitherto hidden below the surface. Also, if an arc-back does 
not clear in a half-cycle but continues as an a.c. arc for one 
or more full cycles, the cathode of the next forward half- 
cycle may be on the metal envelope or on a baffle, instead 
of on the mercury pool; this may result in the evaporation 
or sputter of material which, settling as a contamination on 
the anode, increases the probability of further failure; this 
may be why arc-backs often occur in groups of two or more 
in quick succession. 

A series of ‘synthetic-circuit’ tests, similar to those described 
by Kingdon and Lawton, were made on the type BK 56 
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ignitron (a water-cooled, steel-envelope, pentode-type ignitron 
rated at 20kv, 150A). The test circuit is shown in Fig. 6. 


L 
| 
J 
2 
: rid control 
dampin poe ignitor a circult 
Gucuits scene firing 


circuit 


circuit 


Fig. 6. Capacitor—discharge circuit for arc-back tests on 
high-voltage ignitron. 


A capacitor C, charged to a variable voltage, was discharged 
50 times a second through an inductance L by means of the 
ignitron under test. The ignitron current and inverse voltage 
are shown in Fig. 7. A damping circuit was connected 


capacitor 


voltage 
wv arc current 


-- inverse 
voltage 


Fig. 7. Current and voltage oscillograms in circuit of Fig. 6 

showing: current through ignitron, peak value J, duration f; 

capacitor voltage, initial value Vo; initial inverse voltage V 
across ignitron, with and without damping. 


between the anode and the cathode to give partial suppression 
of any oscillatory overswing on the inverse voltage, except 
when high values of F were desired. The initial inverse 
voltage V, the peak current J and the current duration ¢ 
were measured by means of an oscillograph and di/dt was 
calculated as equal to wl/t. Arc-backs were recorded by 
means of a magnetically operated counter. Tests, generally 
of several hours duration, were made under different con- 
ditions of arc-back factor, temperature and pre-treatment. 
Typical results are illustrated in Fig. 8, in which the arc-back 
probability P is plotted against the factor F. (For a pulse 
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frequency of 50 per second, one arc-back per hour repy 
sents a probability of P = 1/50 x 60 x 60 = 5:55 x 107“ 
Before voltage was applied, all mercury was removed fro} | 
the anode insulator bushings by preheating. The arc-ba 
rate could still be reduced, however, by prolonging tl] 
heating until all mercury was evaporated also from th] 
surface of the anode. Curve A records tests after caref} 
ageing, and with an inlet-water temperature of 45° c. TH 
line drawn through the points is the best-matching probabilis | 
curve; it corresponds to = 14, and gives a value < 
k = 0-0133. Kingdon and Lawton’s results with an ‘ageq 
valve of similar anode/grid construction were matched 
curves for n = 12, but having k = 0-0388 for a cooling-wat¢ 
temperature of 60° c and k = 0-0194 for 40° c. They toa 
the ‘aged’ state as that at which ‘the voltage to produc 
failure was not increasing rapidly with time’; the arc-ba 
frequency in their tests was two orders greater, at comparab! 
temperature, than in the ‘aged’ tests of curve A, Fig. 8. 


2 
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Fig. 8. Experimental results of tests on type BK 56 ignitron, 
showing arc-back probability as a function of arc-back factor 
F, matched to Poisson probability curves. 


Curve A, optimum results after careful ageing; curve B, 
average over first hour after operation of the ignitron for one 
hour on continuous load, 100 A mean, 314 A peak. 


Kingdon and Lawton observed ageing following arc-bac 
and also deterioration when the anode was contaminate 
by dirt convected by the arc. Curve B, Fig. 8, shows th 
arc-back probability in the type BK 56 ignitron during ths 
first hour of a test which was preceded by loading the valve 
for one hour with a rectified current of 100A mean anc 
314A peak value. These results are of greater significance 
than those of curve A in a forecast of the performance o 
the ignitron under practical conditions. 

Arcing-back may lead either to ageing or to furthe 
deterioration. Curve B, Fig. 8, shows the average arc-bacl 
rate during the first hour after the load run. In prolongec 
tests the results conformed to the general pattern illustrate: 
in Fig. 9; the arc-back rate increased steadily during th 
first hour and then slowly decreased, settling down to ; 
fairly steady rate in about three hours, but at a level mucl 
higher than for an aged valve. The same can be seen in ; 
series of tests, each of which lasted from five to ten minutes 
and which were made in sequence as shown in Table 2. 
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) Table 2. Effect of arc-back rate on subsequent arc-back 
probability 
Factor F 
fh VA/us) Are-backs per minute in successive tests 
124 0 
162 4 
187 0) 13 2 0 
204 3 3 
220 14 0 
In this case deterioration follows a high arc-back rate 


| while ageing follows a low rate. In spite of this, a third 


ii observation is that a short ‘burst’ of arc-back at a high 


factor F is one of the best of the ageing agencies. In one 


"i case, with F = 112, the arc-backs were fairly evenly dis- 
) tributed at about twenty per hour during a 24 hour test; 
th when the factor was increased, for two seconds only, to 


F = 220, with an inverse voltage of 22 kv, a continuation 
of the test at F = 112 showed only two arc-backs in one hour. 

Curve B of Fig. 8 may be used in extrapolation to estimate 
the performance in rectifier service. The curve drawn 
through the experimental points is the probability curve for 


load re-applied 
° for 30 min 


Arc-backs 
in 5 min 


Test duration(h) 


Fig. 9. Variation in rate of arc-back in type BK 56 ignitron 

during continuous tests in the circuit of Fig. 6, after operation 

for one hour on continuous load: note pattern of test results 
being repeated after re-application of load. 


n = 8, assuming the constant k as determined by the ‘aged’ 
curve A. On this curve, P = 10~!° occurs at m = 0:21, 
corresponding to F ~ 16. If the extrapolation is valid, then 
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an average arc-back rate of one per six years of continuous 
service could be expected provided that F does not exceed 
16 kvA/us. However, the experimental points are obtained 
at values of F much higher than would be met in practice, 
and such an estimate involves a long extrapolation, which is 
generally undesirable. 
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Abstract 


The ion pumping of five noble gases by Bayard—Alpert 
ionization gauges has been studied extensively, employing 
an ultra-high-vacuum system which could be operated 
statically or dynamically. The dependence of the 
important pumping parameters, initial pumping speed and 
maximum quantity of gas pumpable, upon gas com- 
position, electrode potentials and gauge temperature have 
been investigated. The relationship between  instan- 
taneous pumping speed and the quantity of gas pumped 
has been deduced, and observations upon the recovery of 
gas, following sorption, at ambient and elevated tem- 
peratures has also been made. 

It is shown that the experimental results confirm a 
previously reported model of the sorption process, where 
gas ions enter a heterogeneous collection of capture sites 
of various energies of binding in the glass walls. The 
observed form of a static pump-down is interpreted in 
terms of the kinetic processes which can occur at these sites. 


1. Introduction 


to various general studies of the pumping of Bayard— 

Alpert ionization gauges (Bayard and Alpert 1950, 
Alpert 1953, Varnerin and Carmichael 1955, Young 1956, 
Bills and Carleton 1958). The present paper reports 
comprehensive measurements of the sorption of noble gases, 
chosen for their chemical inactivity, at glass surfaces. A 
static vacuum system has been chosen for this work as it 
has enabled previous measurements on a dynamic system 
(Carter and Leck 1959, 1961, Leck and Carter 1960) to be 
confirmed and has extended the scope of that work. 


Cie interest in ultra-high-vacuum systems has led 


2. Experimental apparatus and technique 


A schematic diagram of the glass vacuum system is shown 
in Fig. 1. The experimental Bayard—Alpert ionization gauge 
and a second monitoring gauge were evacuated by a well- 
trapped, two-stage mercury diffusion pump and could be 
sealed off by a conventional bakeable tap of the Alpert (1956) 
design. All the apparatus on the high-vacuum side of the 
diffusion pump could be heated to 350°c by means of a 
movable oven, and a second smaller oven served to heat 
the experimental gauge to 450° c. Gas could be admitted 
to the system at a controllable rate from an auxiliary reserve 
via a silicon carbide porous plug. The experimental gauge 
itself was a conventional Bayard—Alpert type with a nickel 
electron collecting grid, 2cm diameter and 6 cm long, and a 
Pyrex glass envelope, 5cm diameter and approximately 
10cm long.* This tube was mounted with its axis vertical. 
The pumping line and the electrical connections were all 
taken from the top of the tube, so that its whole length could 
easily be immersed in a Dewar vessel. 


* The Pyrex brand glass was purchased from Jobling Ltd. 
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With this apparatus the following procedure was normal] 
adopted to measure the pumping characteristics of t 
experimental gauge. | 

(1) When the background pressure had been reduced t¢ 
approximately 10~? torr as measured by the monitorin 


Experimental 
discharge 
tube 


Monitoring gauge 


Porous plug 


Auxiliary reservoir 


Liquid nitrogen 
cold trap 


Bakeable 
high-vacuum tap 


Liquid nitrogen 
cold trap 


Solid carbon dioxide 
trap 


3- stage mercury 
diffusion pump 


To mechanical pump 


Fig. 1. Schematic diagram of the vacuum system. 


gauge (by pumping and baking to 350° c in the conventiona 
manner) the experimental gauge was thoroughly degassed by 
baking to 450° c. 

(2) A controlled quantity of sample gas was admitted to 
the system and the tap closed so as to seal off the high- 
vacuum system at a pressure of the order of 10-5 to 10-4 torr. 
During this period the filament of the experimental gauge 
was operated at normal working temperature, but no 
potentials were applied to the other electrodes. Any small 
pumping action of the monitoring gauge (which operated 
with a low electron current so as to minimize its pumping 
action) and residual pumping through the valve were recorded 
by observing the small continuous pressure reduction. 

(3) The experimental gauge potentials were then applied 
and the rapid pressure reduction which followed was observed. 
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All pressure measurements were made with the ionization 
gauge, which had a known calibration. 
(4) When the pressure was reduced to about 10-7 torr, 
more gas was admitted from the auxiliary supply and the 
succeeding pump-down was observed. This could be 
repeated in order to pump as much gas as required. 
Generally, as the walls of the gauge became charged with 
gas the pumping slowed and the rate of pressure reduction 
was observed to diminish. Typical pump-down cycles for 
argon are shown in Fig. 2. From the slope of these curves 


—— 


10% 


ty 
Nn Q 
tidy = 
2 dee. I oes 
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Pressure (torr) 


-5 
10 


Time (min) 


Fig. 2. Pump-down characteristics for argon. The pump 
operated continuously from time zero. The discontinuities in 
the curve occur when more gas is admitted to the system. 


the speed of pumping of the gauge can be deduced, as the 
volume of the system is known to be 1-0 litre. Any gas 
teleased from the walls at room temperature could be 
recorded by removing the gauge potentials and recording the 
pressure increase. After a complete pump-down, gas was 
recovered by heating the gauge to 400° c. The trap No. 1, 
as indicated in Fig. 1, was refrigerated to —196° c for work 

with helium, neon, and argon, but, in order to prevent con- 

densation, only to —78° c during experiments with krypton 

and xenon. This trapping ensured a low residual gas pressure 
throughout the work. The temperature of the glass of the 
experimental gauge could be controlled over a wide range 
by the oven (not more than a +10 degc spread over the 
length of the gauge at 300° c) or by immersion in a Dewar 
flask containing liquid nitrogen or a solid carbon dioxide 
acetone mixture. 


3. Results 


|, _Pump-down characteristics, such as those shown in Fig. 2, 
) have been obtained for all the five inert gases helium, neon, 
| argon, krypton, and xenon. The measurements have been 
| made for electron currents varied through the range 0-1 to 
| 10 ma, electron accelerating voltages between 0 and 1000 v 
. and gauge temperatures between —196 and +400°c. The 
_ values of speed that have been obtained from these measure- 
ments are set out in this section as functions of these para- 
| meters. In Fig. 3 the variation of the initial pumping speed 
Sp is shown as a function of the electron emission current J, 
for argon and operating with an applied electron accelerating 
potential of 250 volts. The small intercept on the speed axis 
is due to the combined effect of the pumping of the monitoring 
_ gauge and the leakage across the tap. In all subsequent 
/ results a correction has been made for this term. Fig. 4, 
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also for argon, shows Sp to be independent of gas pressure 
over a wide range. It is probably relevant that the break 
occurs at the point where the molecular mean free path 
becomes the same order of magnitude as the electron path 
length. In Fig. 5 the effective pumping speed S is shown as a 


=2 


Initial pumping speed (4,/s) 


0 S75 7S. 
Electron emission current (mA) 


Fig. 3. The effective pumping speed of the experimental tube 
for argon as a function of the electron emission current. 


=3 
75xl0 


-3 
3-75x10 


Initio! pumping speed (£./s ) 


0 5x10” 10” 
Initio! pressure (torr) 


Fig. 4. Maximum pumping speed of the experimental tube 
So plotted as a function of the gas pressure. (For argon with a 
grid-cathode accelerating voltage Vg of 250 v.) 


=3 
5x10 — 


Pumping speed (%/s) 


Ne 


0 0:5 10 
Quantity of gas sorbed €Q) (¢.mtorr) 


Fig. 5. Effective pumping speed as a function of the total 
quantity of gas pumped (Vg = 250 y). 
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~2 
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Initial pumping speed (£./s mA) 


0 : 375 750 
Gauge temperature (°K ) 


Fig. 6(a). The initial pumping speed So as a function of the 
temperature of the glass envelope of the experimental tube. 
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wn 


Moximum quantity of gas sorbed (2. mtorr) 


0 375 750 
Gauge temperature (°K) 
Fig. 6(6). The maximum quantity of gas sorbed Qf as a 
function of the temperature of the glass envelope of the 
experimental tube. 
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| 

| 

] 
function of Q, the total gas sorbed, for ail the five inert gases| 
These results again were derived from curves such as thos 
in Fig. 2 and S was calculated at the start of each pump 
down, since at such points where the pressure was high a 
desorption was small compared to the pumping rate. In a; 
the experiments, the saturation level Qr, the value of sorptioy 
at which pumping ceases, was found to depend criticall; 
upon the electrode potentials of the discharge tube and thi 
glass temperature, but to be quite independent of the electro1 
current. This is illustrated in Figs 6 and 7 which sho 
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Initial pumping speed (2./s mA) 


O- 500 1000 
Electron collector voltage (V) 


Fig. 7(a). The initial pumping speed Sp as a function of the | 
grid—cathode voltage Vz. 


Maximum quantity sorbed ({£.mtorr) 


500 1000 
Electron collector voltage(V) 


Fig. 7(6). The maximum quantity of gas pumped Qf as a 
function of the grid—cathode voltage Vg. 


respectively, Sy and Q, as functions of accelerating potential 
and tube temperature. Both Sg and Q, are tabulated in the 
Table for the five gases for the normal operating conditions 
of the Bayard—Alpert gauge. 


The initial pumping speed Sy and the maximum quantity of 
gas pumpable Q¢ by the gauge operating at room temperature 


(Vz = 250 v) 
Gas So(l./s mA x 103) Ox(1. mtorr) 
He 0:62 = 
Ne 0-70 4-0 
A WO 7K0) 0-8 
Kr 5-20 1-9 
Xe 6:05 il9/ 


Since the glass is an insulator it is not possible to determine 
directly the exact ion flux to the wall. However, in an 
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: 


i 


tl 
| 
Ml 


auxiliary experiment (reported in previous work (Carter and 


‘} Leck 1959, Leck and Carter 1960)) a metal shield was placed 


iy 


/ over the glass surface and the ion current to this plate 


i measured for normal operating conditions. In this work the 


‘jon current to the wall can therefore be calculated for any 


‘ operating conditions. It has been shown (Schwarz 1940, 
‘Carter 1959) that the walls generally stabilize at cathode 
' potential, and under these circumstances it appears reasonable 
' to assume that the ratio of the ion currents to the walls and 


| collector remains constant. Thus from the measured pumping 


speed a simple calculation serves to give the ratio of the ions 
sorbed to the ion bombardment, i.e. the sticking factor K. 
In Fig. 8 both Q- and the maximum value of sticking 


Q¢ and Ke (arbitrary units) 


Molecular weight 


Fig. 8. The maximum sticking efficiency Kr and quantity of 
gas pumped Qf as a function of the gas molecular weight. 


factor Ky (i.e. at the commencement of sorption) are shown 
as functions of the molecular weight of the gas pumped; the 
similarity in characteristic is notable. Sticking efficiency is 
plotted against the electron accelerating voltage in Fig. 9. 


10 


Maximum sticking factor Ks (arbitrary units ) 
wn 


0 500 1000 
Electron collector voltage (V) 


The maximum sticking efficiency as a function of the 


Fig. 9. 
voltage Vg. 


The desorption following pump-down, either at room tem- 


perature or upon heating the gauge, was measured by 


observing the rise of pressure in the sealed system with the 


experimental gauge switched off. The quantity desorbed at 
room temperature was found to be of the order of 2% of 


the total sorbed gas. Comparison of the quantity of gas 


released with the quantity previously pumped, shows that 
heating to 350° c in the case of argon results in a 95% 
recovery, substantiating the earlier work. 
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krypton and xenon, since traps were refrigerated to only 
—78° c, considerable background gas evolved upon heating. 
However, it is believed that most of the gas pumped during 
these experiments was also recovered by heating to 350° c. 
An indication of the complete recovery was obtained by 
observing the initial speed in a subsequent pump-down; as 
this was substantially the same as in the previous experiment, 
it is reasonable to suppose that no gas remained in the walls. 


4. Discussion 


Earlier work (Carter and Leck 1961) has shown that the 
probable process of sorption is one in which gas ions are 
impelled beneath the glass surface into favoured capture 
sites, which vary in size because of varying interatomic 
spacings in the glass. This leads to a spectrum of energies 
of binding between the sorbed gas and the glass. These 
energies appear to be of similar magnitude to energies of 
activation for diffusion of inert gases in glass, and to range 
from 25 to 50 kcal/mole. 

In the earlier work it was found that the trapped molecules 
could be released either thermally or by a further ion 
bombardment. The present results support this model, and 
it becomes possible to describe the pump-down in terms of 
two main competing processes. The first is the trapping of 
ions in favoured sites, and the second is the evolution of 
trapped gas by thermal desorption or by sputtering, of either 
the gas directly or of the surrounding glass, in the con- 
tinuing discharge. (Evolution of trapped gas by sputtering 
was first reported by Schwarz (1944) and is the subject of 
further investigation in these laboratories.) 

Initially—when the total sorption is very small—the 
evolution process will be unimportant and the factor K indi- 
cates the true sticking efficiency of the ions. Subsequently, 
as the sorption increases, the evolution becomes increasingly 
more important and the net speed and effective value of K 
naturally become a complex function of the sorption; there- 
fore, curves such as those in Figs 2 and 5 may be anticipated. 
When the discharge is stopped thermal evolution will be the 
only process operating. As more gas is pumped, the recovery 
processes must become increasingly important until even- 
tually they balance the pumping, thus giving a dynamic 
equilibrium. The quantities Sg and Q, are thus repre- 
sentative of the sticking and a combination of sticking and 
evolution efficiencies, and are both linearly dependent upon 
the number of sites available for sorption. 

The quantities Sy and Q, fall to zero at approximately 
400° c for argon (the fact that both fall to zero at the same 
temperature indicates that the sticking efficiency, which con- 
ditions both, is really zero at this temperature) showing that 
there are no sites having an energy of binding above 
50 kcal/mole, again in agreement with previous work. The 
fact that this limiting temperature is lower for neon and 
higher for both krypton and xenon is again in agreement 
with earlier observations, and to be expected from the 
relative size of the gas atoms. The increase in Sg and Qy at 
lower than room temperature indicates the existence of 
further sites of energy of activation considerably below 
25 kcal/mole, sites which cannot contribute significantly to 
the pumping at room temperature because of rapid thermal 
desorption at this temperature. Some evidence for the 
existence of these sites can be seen in the recovery of gas 
which occurs at room temperature when the discharge is 
switched off. The calculated energy of these sites is 
24 kcal/mole, but the d’Arrhenius plot shows curvature, 
indicating a band of energies around this figure. The number 
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of these sites is relatively small—of the order of a few per 
cent—and they are therefore filled comparatively quickly 
during sorption. (The desorption at room temperature has 
been shown by a number of workers to be reciprocal time- 
dependent (Varnerin and Carmichael 1957, Fox and Knoll 
1961). From this it has been inferred that a diffusion 
mechanism has a controlling influence on the desorption. 
This evidence does not in any way conflict with the hypo- 
thesis put forward above. In the present work the major 
fraction of the desorption takes place above 100° c, where a 
diffusion mechanism controlling at room temperature would 
be too fast to be observed.) 

It is clear from Fig. 8 that the characteristic forms of the 
sticking factor Kr and Qf versus atomic weight curves are 
very similar. Since both are linear functions of the site 
availability, the similarity may be anticipated. These Kr 
graphs in Fig. 8 show that both Kr and Qr are large for 
helium and then decrease with atomic weight, exhibiting a 
minimum for argon before slowly increasing. The initial 
behaviour may be anticipated, since helium and neon are 
both relatively small atoms and can be expected to penetrate 
the glass relatively easily. The subsequent small increase 
with increasing atomic weight is a little unexpected and 
cannot be explained in simple terms. It may, for example, 
be due to the variation in site availability with atomic dia- 
meter, or even to a dependence upon the multiply charged 
ion formation in krypton and xenon, which lead to higher 
bombarding energies. 

The observed increase of Kr and Q, with electron acce- 
lerating potential may also be anticipated, since the more 
energetic ions can be expected to penetrate to sites forbidden 
to lower energy ions, resulting in an overall increase in the 
site availability. Since the electron and ion trajectories in 
the Bayard—Alpert gauge are complex and the ion bombard- 
ment of the walls is inadequately known, it is not proposed 
to offer an analysis of the form of the increase of K, and Q, 
with voltage. 

In many respects the behaviour of helium is anomalous. 
Very large quantities of this gas can be pumped and only a 
relatively small amount recovered by thermal desorption. 
The quantities Sy and Q- were found to depend to some 
extent upon the gas pressure and electron emission current. 
This can be interpreted as indicating that when helium is 
sorbed the molecules diffuse further into the glass, setting up 
a concentration gradient allowing continuous sorption. 
Equilibrium is obtained when this diffusion balances the net 
sorption at the surface and thus depends upon the bombard- 
ment rate. The anomalous behaviour for helium, reported 
by Varnerin and Carmichael (1955) and Young (1956), that 
the sorption depends upon a metal surface layer, has not 
been noticed in the present work. The results are, however, 
not incompatible if it is assumed that here equilibrium surface 
conditions had been reached before the first observations 
were made. Thus the surface barrier prevents diffusion out 
of, but not into, the interior of the glass. 


5. Conclusions 


New information concerning the performance of Bayard— 
Alpert gauges as vacuum pumps has been presented in this 


paper. The characteristic parameters of the gauge pum} 
initial pumping speed and maximum quantity pumpab 
under various conditions of tube temperature, electro¢ 
potentials and emission current for five of the noble gas 
have been comprehensively studied and are given here. TH 
reproducibility of the results and the complete agreemet| 
with the previous experiments indicates the reliability ¢ 
both the present and the earlier work. The conclusion 
derived from this work are in agreement with the propos 
put forward earlier concerning the mechanism of retention ¢ 
pumped gas in the glass, i.e. the capture sites of varyin| 
energies of binding, and has led to a modification of th} 
model to account for the apparently unlimited sorption ¢ 
helium, in which a helium gas atom is initially trapped in| 
capture site but can subsequently diffuse into the glass. 
Observations on the thermal desorption of the gases fror 
the glass subsequent to sorption also agree with the propose 
sorption model, and indicate that, in the case of these gase 
desorption can be expressed in terms of gas evolution from | 
spectrum of capture sites. The room temperature recover 
has been found to be only a small percentage of the tot 
quantity pumpable, but under static conditions contribut 
to the ultimate pressure attainable in the system. It appea 
that most efficient pumping of noble gases is attained b) 
operating at high electron emission currents, high electro 
accelerating energies and low tube temperatures. 
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Abstract 


i The calculations of Stimson and Jeffery of the force on 


two spheres moving coaxially through a very viscous liquid 


it 


» are extended to the case when the spheres move at different 
wt rates. 


This result is used to calculate the effect of the 
_ bottom of the vessel in a falling sphere viscometer and that 
of the upper surface of the liquid. Approximate solutions 


are also found in a form suitable for practical use. 


Introduction 


: { HEN the viscosity of a liquid is measured by means 
\\ / of a falling-sphere viscometer, corrections have to 


be made to Stokes’s famous equation to allow for 
the finite size of the vessel containing the liquid. If the 
vessel consists of a long cylinder, and if the sphere falls along 


ii the axis of it an equation for the effect of the walls has 
ii 
2k the tenth power of the ratio of the sphere to the cylinder 


recently been given by Bohlin (1960) which is accurate to 


diameters. The effect of the upper surface and of the closed 


i lower end of the vessel is, however, still somewhat obscure. 


Lorentz (1906-7) has deduced an approximate equation to 
give the effect of a sphere falling towards an infinite rigid 
plane, which Hopper and Grant (1948) found to be valid 
only when the sphere was more than twenty times its radius 
from the plane. The author has not found any work on the 
effect of the free upper surface of the liquid. 

An exact solution for the creeping flow of a liquid around 
a sphere as it approaches an infinite rigid plane has been 


‘’ found together with a similar solution for the flow around a 


sphere as it approaches an infinite plane surface on which 
|there is no traction force. This latter is an approximation 
for the flow as a small rigid sphere approaches (or leaves) a 
liquid surface, as long as movement of the sphere does not 


i appreciably alter the shape of the surface. 


The interaction of the effects of the wall and the ends of 


‘| the vessel, which may often be important, has not been 
| investigated. 
l 


t Theoretical 


Stimson and Jeffery (1926) have given a theoretical solution 


|End effects in a falling-sphere viscometer 


Ph.D., A.Inst.P., University College of Wales, Aberystwyth 


The reader may consult the original paper for the details 
of the calculation, so that only the result is quoted here. 

The flow is described in terms of Stokes’s stream function, 
so that the velocity components of the fluid uw and v are 


1 ox 


w ow 


where w and z are cylindrical coordinates. 
nates € and 7 are used, such that 


Bipolar coordi- 


= a sinh € 
cosh € — cos 7 


a asin 7 , 
cosh € — cos 7)’ 


The spheres are chosen to be € = « and =f, (a> 
B < 0) and the sphere radii r;, r. and the distances of Gee 
centres from (and on opposite sides of) the origin /,, 1, are 


given by r; = acosecha, r, = —acosechf, 1, =a coth a, 
l, = —acothf. The solution for the perturbation velocity 
is then shown to be 

ys = (cosh € — cos y)~3/? > U,V, 


n=1 
where, with the usual Legendre function notation, 
V, = Pr (cos 7) Poa Phot (cos ) 


U,, = A, cosh (n — 4)E + B, sinh (n — HE 
+ C, cosh (n + $)€ + D, sinh (n + 3) 


and 


where A,, B,, C,, D,, are found from the boundary conditions 
on the spheres. 

It is shown that the forces on the spheres are 
aaa 2 


F, = > Cie 


n=1 


INA, = Bee Cees) 


for the sphere € = «, and 


DVD 
ee aNas 


> On-- \NAL a By OC, ae) 
for the sphere € = f, where p is the fluid viscosity. 

Using the boundary conditions uv = 0,v = V on the surface 
of both spheres Stimson and Jeffery obtain 


to the motion of two solid spheres moving with equal con-  \ A, 
) Stant velocities parallel to their line of centres through a = (2n + 3)K[4 exp {— (n + I(x — P)} sinh (n + 4\(@ — B) 
viscous fluid at such a rate that the inertial terms of the + (2n + 1)? exp (« — p) sinh (x — 6) 
equation motion of the fluid may be neglected. The method 4 22n — 1) sinh (n + 4)(« — B) cosh (n + 4\(a + 8) 
used is immediately applicable to the similar problem in — 2(2n + 1) sinh (n + 3)(« — B) cosh (n — (a + 8) 
which sphere velocities differ. It was found most convenient — (2n + 1)(2n — 1) sinh (« — B) cosh (a + B)] 
to solve the problem for the special case where the spheres 
move apart with equal and opposite velocities, and to obtain AB, . 
the solution for any other pair of velocities by combining a — (2n + 3)K[2(2n—1) sinh(n+4)(«—f) sinh(n+4)(«-+f) 
solution of this form with one of the form derived by Stimson — 2(2n + 1) sinh (n + 3)(« — B) sinh (n — 4)(« + ) 
and Jeffery. + (2n + 1)(2n — 1) sinh (« — f) sinh (a + f)] 
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Ac, 
= — Qn —1)K[4 exp {— (a + 4) — B)} sinh (n + 4)(@—B) 
— (2n + 1)? exp { — (a — )} sinh (« — f) 
+ 2(2n + 1) sinh (n — 4)(« — f) cosh (n + 3)(a + B) 
— 2(2n + 3) sinh (n + 4)(« — B) cosh (n + 4)(a + 8) 
+ (2n + 1)(2n + 3) sinh (« — B) cosh (« + f)] 
AD, 


=(2n—1)K[2(2n+1) sinh (n—4)(«—) sinh (n+-3)(«+) 
— 2(2n + 3) sinh (n + 4)(« — P) sinh (n + 4)(« + B) 


END EFFECTS IN A FALLING-SPHERE VISCOMETER | 
i 


case of a sphere approaching an infinite rigid plane such 
the bottom of the containing vessel of a falling sphere visc} 
meter. In this case « = 0, and the distance of the sphe} 
centre from the plane / and the sphere radius r are related | 


B and a by the equations 
cosh 8 = + I/r, a* = I* — r?, B negative. 


The force on the sphere then becomes 


+ (2n + 1)(2n + 3) sinh (~ — f) sinh (« + f)1 F, = 67pVra, 
ole f Bs (n(n +1) [Se2nt+ DB + 2(2n + 3)(2n — 1)— (2n + 1)(2n — 1) e?8— (2n + 1)Q2n 4+ 3) at { 
beens SUP ies (Qn — 1)(2n + 3) [4 sinh? (x + 8 — Qn + 1)? sinh? f] | 


where A = 4sinh? (n + 4)(@ — B) — (2n + 1)? sinh? (« — f) 


n(n + 1) 
a Tan — 1)(2n + 1)Qn + 3) 


and I= 

Using the same method and the boundary conditions 
u=0v = -—V on the sphere € =a, andu=Ov=+V 
on sphere € = f the following expressions are obtained: 


AA, 
= +(2n+3)K[2(2n—1) sinh (n+4)(«—B) sinh (n+4)(a+) 
— 2(2n + 1) sinh (n + 3)(« — B) sinh (n — 4)(« + 8B) 
— (2n + 1)(2n — 1) sinh (« — f) sinh (a + f)] 
AB; 


=— (2n + 3)K[— 4 exp (n + (a — B) sinh (n + 4)(« — B) 
— (2n + 1) 2exp (a — B) sinh (a — f) 
+ 2(2n — 1) sinh (n + 4)(a@ — B) cosh (n + 4)(a + f) 
— 2(2n + 1) sinh (7 + 3)(a — B) cosh (n — 4)(a + f) 
+ (2n — 1)(2n + 1) sinh (« — f) cosh (a — B)] 


= —(2n—1)K[+22n41)sinh(n—3)(«—)sinh(n +.3)(«—B) 
— 2(2n + 3) sinh (x + 43)(@ — B) sinh (n + 4)(« — B) 
— (2n + 1)(2n + 3) sinh (a — f) sinh (« + f)] 


= +(2n—1)K[—4 exp {—(n+4)(~—f)} sinh (n +4)(« +) 
+ (2n + 1)? exp {—(a — f)} sinh (« — B) 

+ 2(2n + 1) sinh (n — 4)(a — B) cosh (n + 3)(a + f) 
— 2(2n + 3) sinh (n + 4)(« — B) cosh (n + 4)(« + B) 
— (2n + 1)(2n + 3) sinh (a — B) cosh (« + )]. 


It is now possible to obtain the forces on two spheres 
moving with different velocities along the line of centres in 
an infinite fluid. For example, if one sphere is stationary 
and a second approaches it with a velocity V, the force on the 
stationary sphere is 


Fy 
See 


oy Qn+1)(4, +A, B+ B’+-C.+C DD) 


and on the moving sphere is 
F, 


22 
= Bane 2% Qn+1\(4,+-4,—B,—By+C,+C,—D,—Dy). 


This case is of particular importance if the radius of the 
stationary sphere is very large, as this then represents the 
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The force on the plane reduces to the same expressio 
with the opposite sign. 

The boundary conditions pertaining to a sphere of radiu 
falling at a velocity V from below a free plane liquid surfaq 
are automatically satisfied by equal spheres separating, ea¢ 
with a velocity V (the free surface being the plane midw 
between them), as on this plane there will be no velocii 
perpendicular to, nor any stress parallel to it. Thus puttin 
6 = — «a, the sphere radius r, the distance of the sphet 
centre below the free surface d, and the parameter a ai 
related by 


cosh a = d/r, a2 = d? — r? 


F=— wav? Sn + har PE weeps 


= 6mpVra, 


where 


4, 2 n(n + 1) 
Nanas 
2 ear al Ee 1a. eS) 
gy 4 cosh? (n + 4d)x + (2n + 1)? sinh? « ( 
2 sinh (2n + 1) « — (Qn + 1) sinh 2a«J | | 


This may be compared with result when the spheres mo 
in the same direction given by Stimson and Jeffery 


) = 67 VrA; 
Aes © n(n + 1) 
ee ak send es STE 
sk Se areas Ee —DQ@n +3) 
{ ; 4 sinh? (n + da — (2n + 1)? sinh? « 
; 2 sinh 2n + Da + Qn + 1) sinh 2a f 
3 


In Stimson and Jeffery’s paper 2/3 appears instead of 4/ 
presumably due to a printing error. 


Discussion 


The force on a sphere approaching a rigid plane has bee1 
investigated experimentally by Hopper and Grant (1948) 
who used oil drops falling through air. As the viscosity oO 
the oil was much greater than that of the air, and as th 
drops were small enough to remain spherical (a few micron 
diameter), they could be considered as solid spheres. Thes: 
experimental results were summarized as follows: 


Force = 67prVA,” 
% r r\2 
ri =14+Kj+(5) 
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K, ={1-08 + 0-05 
K{=1-4 +1-0. 


If Eqn (1) is expanded as a power series in terms of r/I we 


get 
LIB QO 
=e 1-125 - af 1-266(5)?+ ... 


It will be seen that this is in good agreement with the results 
of Hopper and Grant. The result also agrees with the theore- 
tical result given by Lorentz (1906-7) 


OF r 
AG 1 + 37 for small i: 


uly 
\| The form of Eqn (4) suggests that we may write, as a useful 
d approximation, 


or 
i dy =1/(- 3; (5) 
uf In the same way we find from Eqn (2) 
Ber, 3\27r\? 
= 14954 (4) G) ©) 
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8) if 
i = —--—). 7 
suggesting i, =1 / (1 A “) (7) 
These approximations are of course better for large values 
of J/r and d/r. The limit of their usefulness may be judged 
from the Table. 


ic} l/r Ay true A1 approx. 
259 3-762 1-412 1-426 
=i 2-352 1-838 1-917 
=i 1-543 3-039 3-961 
of dl[r A2 true A2 approx. 
2D 3-762 1-247 1-249 
1:5 Meaisy) 1-463 1-468 
1 1-543 1-973 1-945 
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Abstract 


Spark planing, a new spark erosion method for the pro- 
duction of flat smooth metal surfaces, is described and its 
application to single metal crystals and to metallographic 
preparation is illustrated. The use of conventional spark 
erosion methods for crystal cutting and forming is also 
described. The spark planing technique is far more rapid 
and accurate than chemical or electrochemical machining 
and it causes very much less damage to the surface than 
the most careful grinding operation. Spark planed sur- 
faces have been examined by x-ray diffraction, reflection 
electron microscopy and a Talysurf tracer: these results 
are presented and the nature and extent of surface damage 
to various metals is discussed. 


1. Introduction 


HE preparation of unstrained metal single-crystal 
specimens to close dimensional and crystallographic 
tolerances has always been a difficult and tedious 
process. Mechanical methods such as turning and grinding, 
even when very light cuts are taken, always introduce con- 
siderable strain, especially in the surface layers; if the 
severely damaged layer is removed by electropolishing or 
etching, a relatively strain-free surface results, but the dimen- 
sional accuracy is lost, especially over large areas. The 
technique described here is capable of preparing metallic 
surfaces to a high degree of dimensional accuracy without 
producing a deep distorted layer. 

The method, which consists of the removal of metal by a 
rapid series of sparks, was first reported by Lazarenko (1946) 
for the accurate machining of hard metal dies. James and 
Milner (1953) described a similar technique for the strain- 
free cutting of metal specimens, but the resultant surface 
was rough and further mechanical preparation was necessary 
to produce a flat and smooth finish. The present modification 
of the spark-machining technique can cut specimens to 
various shapes and also produce an accurate, flat ‘satin 
finish’ (10 xin.) surface which is, in most cases, virtually 
strain free. 

2. Spark-machining principle 

The principle of spark machining is illustrated in Fig. 1. 
The specimen to be machined S is immersed in a tank con- 
taining an insulating liquid of high dielectric constant and 
low viscosity, such as kerosene or transformer oil. The 
capacitor C is charged through the resistor R to the break- 
down potential V of the dielectric in the work gap d; a 
spark discharge then takes place across the gap. Capacitor C 
is then recharged through R and the cycle repeated; the time 
constant CR must be large enough to prevent the formation 
of a continuous arc. The breakdown voltage V is propor- 
tional to the work gap d, which must be controlled within 
close limits for efficient operation; V is therefore used to 
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nE 


Circuitry for spark machining. 


C= 


Fig. 1. 


control a servo-system which maintains d at its optimu 
value of approximately 0:0015 in. The accuracy and respon 
time of the servo-system and its amplifier must be such 

to ensure that the tool never hits the work, a feature essentic 
for strain-free machining. | 


3. Spark cutting 


A specimen is cut through by maintaining the blade aut 
matically at a distance from the specimen such that continug 
sparking occurs, thus producing a slot which is larger tha 
the blade by the breakdown distance of the dielectric at t 
working voltage (about 0:0015 in.). Ifa high value of 4+ C 
is used, cutting will be rapid and a rough surface will 
produced; a low value will reduce the cutting rate, but wi 
produce a smoother surface. With = 200 volts 
R = 12 ohms and C= 200 uF, a lin. diameter bar 
aluminium can be cut in 5 minutes and a similar copper ro 
in 30 minutes. The process can also be used to cut specime 
of various shapes in a required orientation from a larger bloc 
thus Fig. 2 illustrates the use of a tubular cutter to cut out 
cylinder or core a specimen. Cores of other than circul 
section can be trepanned by this method. 


Fig. 2. Coring tool. 


4. The production of flat, smooth surfaces 


If the blade B of Fig. 1 is replaced by a flat horizonta 
surface, and if this is brought close to a rough specimen 
sparking occurs between the high spots on the specimen anc 
the cutter surface. The high spots are eventually eroded 
but the metal removed from the specimen builds up as ¢ 
Suspension in the narrow gap between the electrodes anc 
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Fig. 3. Planing tool. 
forms a bridge of conducting particles, which allows the 
spark to travel farther through the dielectric. These particles 
readily escape from the edges of the work but build up in 
the centre. The bridging effect is therefore pronounced in 
the centre; thus more metal is removed from this region and 
a concave surface results. This defect can be overcome by 
using a rotating disk (patent applied for) as the cutting tool; 
the disk should have a central well and radial slots and the 
specimens should be mounted near the edge of the disk B, 
as in Fig. 3. Rotation of the disk causes paraffin to flow 
radially outwards, thus ensuring a fresh supply over the 
whole surface. The specimen is initially machined with high 


(a) x290. 


energy sparks to produce a flat but rough surface, and then 
the energy of the sparks is successively reduced until a very 
flat, reasonably smooth surface results. Such a surface is 
suitable for metallographic examination after a light etch 
or very light electropolish. 


5. The nature of spark-machined surfaces 


Spark-machined surfaces of many metals and other con- 
ducting substances have been examined by x-ray diffraction, 
reflection electron microscopy and a Talysurf tracer (Taylor, 
‘Taylor and Hobson). 

Laue photographs from spark-planed single-crystal sur- 
faces of many metals show sharply defined spots; in those 
few cases where there is surface damage or contamination, a 
light etch is sufficient to produce sharp reflections. 

Reflection electron microscopy of spark-planed surfaces of 
ithe many metals and alloys so far investigated shows them to 
| be very similar in appearance. In Fig. 4 are reflection micro- 
igraphs* of typical surfaces produced by planing aluminium 


* The micrographs reproduced here were obtained with the 
scanning electron microscope at the Engineering Laboratories, 
‘Cambridge University. 
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in a medium-light range. The craters are approximately 
25 to 30 yx across and about 2 ps deep. 

Talysurf measurements of the same specimens confirm 
these figures and give a centre line average surface texture 
figure of 10 yin. Chemical contamination in varying 
degrees can occur and consists of cathode material and carbon 
from decomposition of the paraffin. Contamination is slight 
and confined to a very thin surface layer; it can be minimized 
by suitable choice of cathode material and electrical para- 
meters and is removed by a light etch. 

The physical condition of spark-machined surfaces is being 
studied and will be the subject of another paper to be pub- 
lished shortly; however, preliminary results suggest that on 
soft cubic metals the damage on the fine ranges, if any, is 
confined to a layer of the order of a few microns deep. 
Zinc crystals frequently cleave along the basal plane if 
machined below 100° c, but do not appear to suffer any 
damage if machined above this temperature. Twinning to a 
depth of about 1 on a-uranium has been reported by 
Hyam (private communication) and a thin polycrystalline 


(b) x900. 
Fig. 4. Spark-planed aluminium surface. 


layer has been found by Brookes (private communication) on 
molybdenum. 


6. Conclusions 


Spark cutting and machining with a rotating slotted cathode 
is an invaluable method for the production of accurate, 
strain-free shapes in many metals, either for single-crystal 
fabrication or for metallographic preparation. 

The technique has been used to produce a wide variety of 
specimens including those for ultrasonic elastic constant 
measurements, which require accurately oriented strain-free 
surfaces parallel to within a few microns; single-crystal 
wafers, for subsequent electrolytic thinning and transmission 
electron microscopy; single-crystal tensile specimens; single- 
crystal picture frame specimens for magnetic measurements 
and many other applications. 
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Abstract 


Measurements have been made of the effectiveness of the 
ring shaped neutron sources for the MERLIN reactor. The 
emission rate of one neutron source was measured 
absolutely at the National Physical Laboratory and the 
remaining sources were compared with this standard. A 
neutron to gamma ratio of (0-7 + 0:1) x 10°n/s per 
curie of '*4+Sb was obtained. The effectiveness of the 
sources was found by measuring the power generated in 
a sub-critical core. This result was in reasonable agree- 
ment with a calculation, based on two-group diffusion 
theory. 


1. Introduction 


neutron sources are fitted to each fuel element to minimize 
the possibility of the reactor becoming critical without 
any source neutrons. The ideal position to place the sources 
for maximum utilization of the neutrons is within the reactor 
core, but with the MERLIN core this arrangement was not 
possible. 
The sources for the reactor are rings (see Figure) which 
fit on to bayonet slots on the bottom of each fuel element; 


I: the MERLIN reactor (Allibone et al. 1958) separate 


locating pin 


TNS 
sectionAAO7Bin. 


$0] 

{95 
Reed 
eS 


Sot 
EN 
oe 
antimony— beryllium 


Neutron source ring. 


0.164 in 


thus they do not interrupt the flow of water through the fuel. 
Each source comprises a pure aluminium shell filled with 
approximately 36 g of a compressed mixture, 80% by weight 
of antimony and 20% by weight of beryllium. Sources are 
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fitted to elements under water and, when the fuel eleme | 
are in position in the core lattice plate, the mid-plane of eae 
source is 8:2 cm below the active fuel. 


2. Measurements of source strength 


The total neutron emission of one source, which had bee 
irradiated for eight weeks in a nominal thermal neutron fit 
of 10'!2 n cm~*s~! in BEPO, has been measured by the Nation 
Physical Laboratory. They used the method of activatic 
of a MnSO, solution, and the neutron emission corrected © 
the end of the irradiation was (3-5 + 0-2) x 10°n/s. TI 
associated gamma-radiation from !74Sb was 4:9 + 0°8¢, « 
measured with a calibrated gamma-ray dosimeter. Thus tl 
neutron emission from this type of source is (0-71 + 0-12) 
10° n/s per curie of !24Sb. 

Relative measurements of the source strengths are p 
formed under 6 ft of water in the reactor tank. The sour¢ 
ring is placed in a jig in a fixed position relative to a B 
filled proportional counter. Counting rates from the detect 
for each source are compared with the counting rate from 
‘standard’ source, which itself was compared with the sour 
whose emission was measured absolutely. The largest spre 
in the strengths of sources irradiated together is about +10 
from the mean. 


3. Effectiveness of the sources in the reactor 


The reactor control instruments have been calibrated 
terms of reactor power in watts from relative and absolu 
neutron flux distributions. These measurements were ma 
with gold and manganese foils at powers up to 20 w. 
core, during these measurements, was a 5 x 4 array of 
fuel elements, each containing 140 g of 235U, and one fu 
element containing 40 g of 735U. With an estimated negati 
reactivity of 1% and a total neutron source cmision 
3-3 x 107 n/s, the core power was found to be 2-1 + 0-3 mv 
This is much lower than initially estimated (Firth et al. 1958 
A new theoretical estimate, described in § 4, predicted 
power of 2-7 mw for the same source emission and negativ 
reactivity. 


4. Theoretical estimate of reactor power 


A one-dimensional two-group diffusion theory calculatio 
was made in order to find the fraction of source neutron 
absorbed in 73°U. The system adopted for the calculatio 
consisted of an infinite water reflector, a source plane emittin 
one neutron per second, 8-2 cm of water, and an absorbin 
core region 60cm high plus an extrapolation distance c 
7°65 cm to allow for the top reflector. The effect of hor 
zontal leakage from the core was included by means of 
buckling correction factor. 
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The flux distribution of thermalized source neutrons 45, 
was obtained in order to compute the number of these neutrons 
captured in the 735U, It was found that this flux distribution 
was strongly biased towards the neutron source plane. These 
neutrons are therefore captured in a region of low statistical 
weight and will be less effective than the slowed down fission 
neutrons, which have an approximately cosine distribution 
in a highly multiplying core. Sub-critical measurements have 
shown that this is true for cores with multiplications greater 
than 20 (Kerridge, private communication). An attempt was 
made to estimate the magnitude of this effect by two-group 
perturbation theory. A separate calculation for a critical 
core yielded the real thermal flux 45, and adjoint fast flux 
u p*1-. Hence, the effectiveness f is given by: 


4 B Pam ScorePrsPicdZ 7 ScorePrcdz 
Scoreh2e$}c4Z Scorep2sd2 


The effective source strength is therefore: 


| Sex = BE2 | boade. 


core 


The two-group constants used in the calculations are given 
‘lin the Table. Fast diffusion coefficients and ages were 


7 


obtained from three-group data given by Deutsch (1957). 


sections are approximately constant in this energy range. 
The effectiveness 6 was found to be 0-566 and Seg to be 


Two-group constants 


\ Diffusion parameter Symbol Water Core 
‘Age (Sb—Be neutrons) 6 65cm 126 2om 
“Fast diffusion coefficient D, 0-608cm 0-833 cm 
“ Diffusion area E 8:44 cm? +3:07 cm? 
‘! Thermal diffusion 
coefficient D, 0-161 cm 0-228 cm 
Uranium cross section Xing — 0:0576 cm7! 
Buckling correction a? 0-008 156 cm~? 
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0:032. The multiplication in a core, which is 1% sub- 
critical, is 100. Assuming, as in the power calibration, that 
3:3 x 107 fissions per second are equivalent to 1 mw, the 
calculated power for a total source strength of 3:3 x 107 n/s 
is 2-7 mw. 

5. Conclusions 


The ratio of neutron output to gamma-ray output for an 
antimony-beryllium neutron source in the form of a ring is 
(0-7 + 0-1) x 10°n/s per curie of !24Sb. 

The reactor core power due to the neutron sources is in 
reasonable agreement with that predicted by two-group 
diffusion theory. In calculating the effectiveness of the 
sources it is necessary to take into account that the neutrons 
from the source are captured in the core in a region of low 
statistical weight. Two-group perturbation theory is adequate 
for predicting this effect. 
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Abstract 


The temperature distribution below the heated floor of a 
kiln has been investigated both theoretically and by model 
experiments. The aim is to determine how much insulation 
is required to keep the temperature of the ground below 
that point (perhaps as low as 40° Cc) at which it tends to 
dry out and subside. The results show that a considerable 
thickness of insulation is necessary to achieve this, but 
that much less insulation is needed if a thin layer of high 
conductivity is placed below the insulation. Iron rein- 
forcing mesh could act as a high conductivity layer. It 
also appears that there is an advantage both in cost and 
in effectiveness in making the insulation thinner toward 
the sides of the kiln. The conclusions also apply to the 
insulation of the floor of cold storage rooms and skating 
rinks where the aim is to prevent ‘frost heave’. 


Introduction 


HE drying out of clay ground under kilns can lead to 
subsidence. This usually leads to unsatisfactory 
operating conditions and a heavy maintenance (or 
rebuilding) programme. Some knowledge of the tempera- 
tures in the ground under these kilns and of the way in which 
layers of different conductivity below the kiln floor modify 
these temperatures may lead to a type of kiln construction 
that minimizes the probability of subsidence. 

Under cold storage rooms and ice skating rinks, etc., 
‘frost heave’ may occur if the ground is not sufficiently 
protected. With appropriate modification, the results and 
suggestions given in this paper would apply to the floor 
construction of such buildings. 

Ward and Sewell (1950) discuss this problem in some detail, 
but the theoretical method used by them is restricted by the 
assumption that the temperature of the kiln floor and the 


| 
| ! 
| | 
| | 


ground floor level 
(a) insulating layers 
| 
| 
ground floor 


(¢) 


SILA MMMM, 


temperature of the ground surface are both constant Ov 
the surfaces, and by their assumption that there is no coi 
ponent of the heat flux parallel to the ground surface | 
either the insulating layers or in any of the surroundi 
ground that is above the level of the floor. The fis 
assumption means that temperature determinations un 
the outside walls of the kiln could be considerably in err¢ 
Both assumptions restrict the method to situations in whi) 
the horizontal heat flow in the floor is not important. T 
present theoretical study avoids these limitations by treati 
the insulating layers as being elliptical in section and — 
finite thickness. Kilns are, however, usually built with) 
uniform thickness of insulant below the floor, so the 
predictions will apply only approximately to existing kiln 
but in the model experiments the design of existing kilns 
imitated more closely. 


Approximations in the theoretical treatment 


In the present theory it has been necessary to assume thi 
all the floors are of infinite length. Ward and Sewell (19 
give a method of deducing the approximate value of t 
temperature under the centre of the insulation for ot 
shapes (square, circular and rectangular) from the resu 
for the long-rectangular shape. Hence floors of other sha 
will not be discussed in this paper. 

Particular examples of heated floors that have come 
the writer’s notice in industrial problems are illustrated 
Fig. 1(a), (6) and (c). These are (a) a flat heated floor 
ground level; (b) a flat heated floor below ground level; a: 
(c) a heated floor with a flue for hot gases beneath it. So 
insulation is present in each case. In order to apply t 
mathematical method used here it has been necessary 
assume that these designs may be represented by the sectio 
shown in Fig. 2(a) and (5) without greatly upsetting t 
| | 
| | 
| | 
| | 
| | 


ground level 


insulating layers 


level 


insulating layers 


Fig. 1. Typical practical floor arrangements with possible insulation layers shown. 
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ground floor 


(a) 


ground 


;jtemperature pattern. Here the floor surface and the surfaces 


insulation extends slightly past the edge of the floor. 

{ When the floor level is below the ground level, as in 
Fig. 1(b), the floor surface in the theoretical model is 
,(cepresented as being curved, as in Fig. 2(b), but it is not 
thought that this difference in shape should affect the 
predictions by more than a few per cent. When there is a 
flue beneath the floor as pictured in Fig. 1(c), the theoretical 
model would again be taken to be like Fig. 2(5), but it would 
(ibe possible to represent the flue by a zone of somewhat 
higher or lower temperature near the middle of the floor. 
The present theory is able to take account of any prescribed 


kiln, but it seems more realistic to assume that the heat lost 
from the ground surface is carried away by convection or 
jiradiation. These processes are summarized by an ‘edge 


Edge conductivity 


At the ground surface the heat is dissipated by conduction 
and convection to the air, and by radiation. Heat conduction 
‘| through the air may be ignored. Thus, heat transfer by 
‘convection from a horizontal surface to the air can be 
described by the equation (Pallot 1954) 


He=41 032V 0, — 7.) (1) 


where V is the wind speed (m.p.h.), T, is the surface tempera- 
ture and 7, is the air temperature (both in degrees Fahrenheit) 
and H is the heat loss by convection (Btu ft~* hr~!). The 
equation is valid for windspeeds in the range from 1 to 
10 m.p.h. 

As regards radiation losses, a body at an absolute tempera- 
ture 7; surrounded by a black body at a temperature 7 
(absolute) will lose heat by radiation at the rate 


1B ya oE(T;* a To) (2) 


‘where o is the Stefan—Boltzmann constant and E is the 
emissivity of the surface. If T, — To is small then (2) may 
be reduced to 

H, = 4cET)(T, ie (3) 
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level 


insulating layers 


level 


insulating layers 


Fig. 2. Floor arrangements as modified for theory. 


hence, assuming that neighbouring buildings, trees, etc., are 
at the same temperature as the air, here taken to be 68° F, 
the radiative heat loss for most soils and materials of similar 
texture will be 


H, = 0:9(T, — T,)Btu ft-? hr-!, (4) 


T, and 7, are now in degrees Fahrenheit. 
Thus the total heat loss from the ground surface will be, for 
ground of conductivity K, 


H = (1:9 + 0-32V)\(T, — T,)Btu ft-? hr-!. (5) 


This loss must, of course, be provided by conduction through 
the ground at a rate KOT /0N, where K is the conductivity 
and 07'/ON is the temperature gradient normal to the surface, 
close to the surface. Thus 


OT; 
WN K 


The factor of proportionality will be called the ‘edge 
conductivity’ h, 


1-9 +0-32V\\T, — T). (6) 


1 
A= (1-9 + 0-327). (7) 


In what follows it will be convenient to refer all temperatures 
to that of the air so that a temperature T means the number 
of degrees by which the temperature exceeds that of the air. 
The boundary condition (6) at the ground surface is therefore 


oT 


oN = hT (8) 


where /: is the edge conductivity expressed by Eqn (7). 
Temperatures quoted in later tables are this temperature T 
and some 15 degc should be added to give temperatures 
referred to the ice point. 

It will be noted from Eqn (7) that the edge conductivity 
is inversely proportional to the bulk conductivity of the 
material. The theoretical models sketched in Fig. 3 
represent all insulating layers below the kiln floor as 
extending past the edge of the floor and upward to the 
ground surface. In making calculations one ought to treat 
edge conductivity as having a different value at these places 
merely because the bulk conductivities of the materials are 
not the same as that of the ground. This would be incon- 
venient, and because the layers are very thin where they 
reach the ground surface it has been thought sufficient to 
use a uniform value of A for all the ground surface outside 
the kiln. The value used is based on the conductivity of the 
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Fig. 3 
(a). Floor and insulation layers as assumed in the theory. 


(6). Arrangement illustrated in (a) after application of the 
transformation z = Csin w. 


ground itself. This is taken to be 1-0 Btu ft~! hr—! deg F—!. 
Assuming a mean wind speed of 6 m.p.h., A has a value of 
Aft! 


Theory 


The z plane (coordinates x + iy) is transformed into an 
w plane (coordinates u + iv) by the relation z = Csinw 
where C is half the distance between the foci P and P’ shown 
in Fig. 3(a). The system of confocal elliptic and hyperbolic 
boundaries in the z plane shown in Fig. 3(a) become, in the 
w plane, the rectangular boundaries shown in Fig. 3(d). 
Thus any semi-ellipse with foci at P and P’ becomes in the 
w plane a finite straight line parallel to the u axis and 
stretching between u = —4m7 and u=4z. Similarly any 
semi-hyperbola with the same foci and in the same half-plane 
is transformed to a pair of semi-infinite straight lines (v > 0) 
parallel to the v axis and sited symmetricaily about the 
v axis. Thus it may be seen that either of the arrangements 
illustrated in Fig. 2 may be transformed to a semi-infinite 
rectangle in which the floor surface is now the edge 
v =A> 0, |u| < 47; layers of insulation are bounded by 
parallel lines, v = p, v, etc., |u| << 47; and the ground 
surface is now represented by the straight lines u = + 477. 

Laplace’s equation is unaffected by this transformation, 
although some of the boundary conditions are modified. At 
the ground surface boundary the condition (8) becomes 


oT 
Gaal ae 0 at u=—4r (9) 
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and —+hT=0 at u=4r. @ 
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At any surface of separation between two layers of differ 
conductivities K and K’, if T and T’ denote the temperatu 
in the respective layers, 


Tal (I 
oT = Lar | 
‘7 = te ov ’ q 


and at the surface of the floor the temperature 


T = f(x) in the z plane becomes 
=D) = fe cosh (sinh! *) sin u} (i 


in the w plane, where y, is the depth of the centre of t 
floor below the line connecting the foci P and P’ (i.e. bela 
ground level). | 
Let the heated floor have two layers of different co 
ductivities Pe it and the ground, then in Fig. 3(d) t! 
line v =A, < 47 is the floor surface, the lines v =} 
and v = v, |u| < 47 are the interfaces between the laye 
and the lines u = + 47, v > v are the ground surface. T: 
conductivity of the upper layer is taken to be Kj, that of t] 
lower layer is K, while the ground has a conductivity 
Then in the two layers the temperature is of the form 


T = > {a, exp («,v) + b, exp (—a,v)} cos «,u al 
r=1 


where the «’s are the roots of 


atanizae=h (1) 


while in the ground, since T—~ 0 as v > 00, 
Cc 
T = >) ¢, exp (—a@,v) cos «,u. d 
r=1 


If there are two different insulating layers below the flo 
there will be two equations of the type (14) and it is co} 
venient to distinguish them by using primed symbols for t 
lower one. 

The five constants, a,, b,, a;, by, c, in these two equatio 
(14) and (16), may be solved using the boundary conditio 
at the surfaces of separation and at the surface v = A, wh 
from Eqns (13) and (14) i 


a, exp («,A) + b, exp (—a,A) = 


og? ale) ps 
Soe I, F(u) cos x,udu (1 


hence the temperatures in the w plane are given by 


T = Yi xx) [Ki + K{K. cosh (v — 0) + K,sinha,(v — 


+UG + K,){K, cosh a,(v—2p + v) + K,sinh «,(v — 2u + v) 
Acvaeln @ 


T= X 2x) Kit{Ke cosh «,(v — v) + Kg sinh «,(v — v)} 
Hov<cv dl 


IP = Li 2x(WKiKe exp {—a,(v— v)}} v>v (2 


Vou.112,) June. 1964 
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| Where 5 conductivity. In other cases the ground was assumed to 
have an edge conductivity of 4 ft—! and th tside t - 

; ‘i re y and the outside tempera 
2(a,* + h*) COS opt fa (u’) COS cc, 1’cet ture of the wall was then assessed by a preliminary calculation. 


‘ty Xr(u) =a 


i (a¥o,? +1) +A[(K, EK Kecosha,v—ay 2) 


i i EIN 
ae is | vy —A)} TUG K.){K_cosh a, Calculations were made of the temperature at a point 2 ft 
(v +A— 2p) + Kgsinha,(v +A —2y)}]. below the mid-point of the floor, which was taken to be at 
These results may be used to derive the temperature the same level as the ground outside the kiln. The ground 
(distribution in the original z plane. The temperature 7, SUtface was taken to be at air temperature. Without a 


beneath the centre of the upper insulating layer is special insulating layer the temperature was found to be 
900 deg c. With an insulating layer 2 ft thick below the 


floor and of conductivity 1/15 of that assumed for the ground 
the temperature at the same point (which would in this case 
be just below the insulation) was about 190 degc. This is 
a considerable reduction but 190 deg c is still not low enough 
to prevent soil drying and collapsing and the insulating layer 
e) could not usually be expected to have a conductivity as low 
ii T, = > 2K;K,x,(0). (23) as 1/25 of that of the ground. 
A a To assess what thickness of insulation would be needed to 
lie only one layer of insulation is used the results may be reduce the greatest soil temperature to some specified value, 
obtained from the above by making v = » (or K, = XK;) a further series of calculations was made. In this case the 
jjand in this case the temperature immediately under the ground surface was allowed to have an edge conductivity 
.icentre of the insulation is of 4ft~!, as suggested previously. The floor was supposed 
to be at the same level as the outside ground. The results 
are graphed in Fig. 5, showing the ratio of temperatures at 


(24) ‘i= — S ocraee Kg/Ki, 


The effect of insulation 


= x 2x,(0).Ki{K, cosh «,(v — yx) + K,sinha,(v — y)} (22) 


while 7, the temperature immediately beneath the centre of 
(the second layer is 


on (22 
2(a,? + h?) { F(u’) cos c,u’cu’ 
0 


eo 


ape) {(a,? + h?)a/2 + hi{cosh «(uu — A) 
++ (K,/K;) sinh «(2 — )} 


T; 


Theoretical results 
The finite thickness of walls 


The kiln floor was taken to be 21 ft wide with walls 2 ft 
thick on either side. The overall width was equated to the 
distance PP’ between the foci in the theoretical model. The 
central 21 ft was taken to be at 1000° c above the temperature 
of the outside air. The temperature was supposed to change 


\ 


Ratio of temperatures (7;/Tp) 


Il. : 5 0 = = 
! linearly across the walls, falling from the kiln temperature 0 0-025 9.050 OiOj 0:100 0125 
to the temperature of the outside ground. In some examples Thickness of insulation/floor width 

(as, for example, that for which the results are illustrated in Fig. 5. The variation of temperature beneath the centre of 


a single layer of insulation with thickness of insulation and 
the ratio of thermal conductivities of insulation and ground. 


; two points below the centre of the kiln, one being on the 
ground surface Distance (ft) kiln floor, TJ), and one being in the ground just below the 
16 24 oh 32 insulation, 7;. The ratio 7;/To is plotted against the ratio 

of thickness of insulation y to width of kiln 2c. Curves are 
plotted for different insulating materials as defined by the 
ratio of the conductivities of the ground and of the insulant 
K,/K;. The best insulants only just achieve a reduction of 
ground temperature to one-fifth that of the kiln (say 200 deg 
if the kiln is at 1000 deg) when the thickness is about one- 
eighth of the width of the kiln (3-1 ft of insulation for a 
kiln 25 ft wide, including walls). 

Further protection could be obtained by constructing the 
kiln in such a way that the area beneath the insulation is 
ventilated, but this has been fully discussed by Ward and 
Sewell (1950) and is outside the scope of this paper. 


length »width 
(2ifb) 


The effect of a conducting layer 


A consideration of the temperature pattern in Fig. 4 
indicates that the heat mainly flows downward, outward, and 
finally upward, to the ground surfaces on either side, where 


28 


Fig. 4. Temperature pattern under an uninsulated kiln floor. aS SNe oF, 5 ; 
The temperature is assumed to vary linearly through the base it is dissipated by radiation and convection. This suggests 
of the walls. that a more rapid heat dissipation and a lower temperature 
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in the ground could be achieved by introducing a thin but 
highly conducting layer below the insulation. Such a 
possibility has been studied by the use of Eqn (22) taking A 
as zero. In this equation K; is the conductivity of the 
insulating layer, and K, is that of the conducting layer while 
T; is the temperature at the mid-point of the interface. The 
effect of using a thin conducting layer of conductivity eight 
times that of the ground is illustrated in Fig. 6. The thicknes 


oO 


Ratio of temperatures (T,/Tp) 


0-050 0075 
Thickness of insulation/ width floor 


= 
0 0:025 


Fig. 6. The variation of temperature under the centre of a 

combined insulating-conducting layer with thickness of 

insulating layer. The thickness of the conducting layer is 

1/40 width of floor and the conductivity of the layer is 8 times 
the conductivity of the ground. 


of this conducting layer is taken to be 1/40 of the width of the 
floor. 

A convenient way of introducing a conducting layer would 
be to embed iron reinforcing mesh in shingle below the 
insulating Jayer. What matters is the total cross section of 
iron running across the kiln. The data in Fig. 6 correspond 
to an iron section of 5-1 in? per foot length of kiln, assuming 
the kiln to be 25 ft wide. If more than one layer of iron 
rods or mesh were needed to achieve this there would be no 
theoretical advantage in separating the successive meshes by 
layers of shingle. 

The advantage of using a conducting layer is the resulting 
economy in insulant. Table 1 illustrates the saving in 


Table 1. The saving of insulation due to the use of a conducting 
layer. Floor width 20 ft, floor temperature 1000 deg C above 
air temperature 


Cond. insuln. 


Temp. under Thickness of Saving in 
insulation Cond. ground insulation insulant 
Insulation alone 
200° c 1/15 3 ft 6 in. 
200° c 1/25 Oiite2nine 
100° c U/l) 6 ft 11 in. 
100° c 1/25 4 ft 3 in. 

With 4 in. conducting layer (cond. = 12 X cond. ground) 
200° c 1/15 2 ft 4 in. 14 in. 
200° c 1/25 eita/ain’ Tein. 
100° c 1/15 4 ft 6 in. 29 in. 
100° c 1/25 Siitelein: 14 in. 


different circumstances. Two insulants are considered, one 
good and one very good. Two amounts of temperature 
reduction are considered, to one-fifth of the kiln temperature 
or to one-tenth. The use of a conducting layer saves 7 in. 
of the very good insulant or 14 in. of the good one if the 
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temperature is being reduced to one-fifth of that of the kil 
The necessary thickness of insulant and the saving th 
follows the use of a conducting layer are about doubled] 
one aims to reduce the ground temperature to one-tenth 
that of the kiln. It is likely, however, that the effect of 
conducting layer may be considerably greater than the) 
theoretical estimates. ‘The reason is that the theoreti¢ 
model only allows a very thin extension of the conducti: 
layer to reach the ground surface where the heat is dissipat 
In any actual construction one would arrange the conducti: 
layer to project some distance beyond the sides of the ki 
to allow the heat to dissipate more easily. In this quests 
the model experiments may be a better guide. 

It should be pointed out that the conducting layer will n 
sensibly increase the total heat lost by the kiln. The maj 
loss of heat takes place through the walls and roof. 

The theoretical model suggests that when the floor of t} 
kiln is below ground level the necessary thicknesses 
insulation or conducting layers will not be very differ 
from the values indicated in Figs 5 and 6. The correctio: 
depend upon the amount that sinh ¢ differs from ¢, wh 
¢ is the ratio of the maximum depth of the insulating lay, 
below ground level to the half-width of the kiln. This ra 
could typically be 0:3 and the corrections are not the 
greater than 5%. 


Experimental model 


It was thought desirable to make model experiments 
check the predictions of the theory. In a model one wou 
not be restricted to representing the insulating layers as bei 
elliptical in section; they could conveniently be rectangul 
slabs in imitation of the usual design. In a model one cou 
also extend any conducting layer beyond the sides of the ki} 
to improve the dissipation of heat. 

The model was made at 1/32 full size so that a metal t 
134 in. long and 6 in. wide represented a kiln 36 ft long a: 
16 ft wide. Temperature differences were imitated on 
reduced scale too, the tank being filled with water at 50° 
while the ground surface was about 20° c. This differen 
of 30degc could be interpreted as a larger temperatu 
difference, perhaps 1000 deg c, in an actual kiln. 

The ground was represented by a bed of coarse dry san 
15in. deep, resting on a concrete floor and of over 
dimensions 5 ft by 34 ft. Preliminary tests showed this 
be sufficiently extensive. The insulating layer was represent 
by arectangular slab of wood (white pine). The conductiviti 
of dry sand and wood are very like the conductivities of d 
ground and of insulating concrete. The wood has a rath 
larger conductivity in the direction of the grain but : 
errors this would cause were minimized by arranging t 
grain of the wood to lie horizontally, parallel to the lengt 
of the model kiln. 

The conducting layer was represented by a mesh of iro 
wire scaled to represent reinforcing mesh and _ actuall 
22 s.w.g. wire at 0:2 in. spacing. It was extended outwaré 
over the ground surface for a distance equivalent to 5; 
beyond the walls of the kiln. 

The arrangements of the model are illustrated in Fig. 7 
A thin polythene sheet covered the surface of the sand an 
the embedded wood, the tank of hot water resting on thi 
Cold water at 20° c was then circulated over the polythen 
sheet. The purpose was, of course, to keep the sand surfac 
at a known temperature. Since in practice the ground woul 
have a finite ‘edge conductivity’ and its temperature woul 
in general, be greater than that of the air, the sand surfac 
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concrete floor 
Fig. 7. Plan and elevation of the model (not to scale). 


in the model was built up to a level 33; in. above the bottom 
lof the tank; the results would then compare with that for 
ida kiln whose floor was level with the ground outside. This 
ujextra layer of sand, since it imitated an edge conductivity 
ikand not actual ground, covered all layers such as conducting 
iylayers that would actually reach the ground surface outside 
the kiln. 

Temperatures in the sand were measured at points directly 
nt below the centre of the ‘kiln’, by a set of thermocouples whose 
|} Junctions were placed as accurately as possible at depths of 
(0, 2, # and 14in. below the lower surfaces of the wooden 
winsulant. Very fine wires (43 s.w.g.) were used for the 
ij thermocouple leads and they were taken out in a direction 
parallel to the length of the kiln so that they would disturb 
ii the temperature pattern as little as possible. 


Experimental results 


Five different arrangements were used on the model. 


1. No insulation other than that given by the polythene 
sheet. 
2. Insulation by wood 4 in. thick. 
3. Insulation by wood +4 in. thick on top of the conducting 
mesh. 
. Insulation by wood | in. thick. 
. Insulation by wood 1 in. thick on top of the conducting 
mesh. 


In terms of a full-scale kiln 36 ft by 16 ft, the polythene sheet 
is equivalent to about 1 in. of insulation. The wooden slabs 
‘represent on the full scale an insulant of conductivity 
0-56 Btu ft-! hr-! and thickness 8 in. or 16in. The con- 
ducting mesh is equivalent to iron reinforcing rods 0-9 in. 
diameter laid at 6 in. spacing. 

' The excess temperature of the sand over that of the cold 
' water, as measured on the thermocouples, was scaled up to 
‘present the excess temperature of the ground below a kiln 
‘kept at 1000degc above air temperature. The actual 
/measurements were made at points equivalent to depths 0, 


ns 
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12 in., 24 in. and 36 in. below the surface of the undisturbed 
ground under the middle of the kiln, but it seemed reasonable 
to estimate interpolated values at intervals of 4in. The 
results in the five experimental arrangements are listed in 
Table 2. The figures in parentheses are those predicted by 


Table 2. Excess temperature (deg C) of ground below kiln at 

1000° c. Experimental results obtained with a model for a 

kiln 36 ft long by 16 ft wide. Figures in parentheses are 
estimated from the theory 


Insulation 
Depth below 
floor (in.) None 8 in. 16 in. 8 in. + 16 in. + 
cond, layer cond, layer 
0 910 (910) 
8 770 520 (520) 
2 720 440 400 (390) 
16 680 395 430 (360) 355 
20 645 365 360 BY25) 210 (240) 
24 615 345 B25 305 185 
30 580 320 285 285 165 
36 555 295 265 270 155 
48 510 260 230 240 135 


the theoretical method for the temperature at the uppermost 
point in the undisturbed ground. 

The agreement between the theoretical and experimental 
results is, in general, closer than was expected. There is, 
however, a noticeable difference with the 16 in. of insulation. 
The model temperature is then considerably higher than that 
predicted by theory. Since the theory treats the insulant as 
being thinner at the sides than at the middle, this suggests 
that a reduction of insulant towards the sides of the kiln 
may actually allow the heat to be conducted away more 
easily by the ground. This arrangement would also 
economize insulating material and is perhaps worth con- 
sideration as a point of practical design for future kilns. 


Conclusions 


The theoretical method laid out in this paper, although 
only approximating to actual cases, permits the temperature 
to be computed at any point within, under or around a 
steadily heated insulated floor. This theory permits con- 
duction along and through any sub-floor layers to be taken 
into account and may, if required, be extended to include 
several different layers. The method has been used here for 
cases where the temperature is stipulated at the floor surface 
and where the boundary condition (1) applies at the sur- 
rounding ground surface. There is no reason why other 
boundary conditions should not be used at either surface if 
required. Floors that are below ground level may also be 
considered. 

It is shown that if the temperature under a heated floor 
is to be lowered to a small fraction (say, a fifth or less) of 
the floor temperature (as might be required in high tempera- 
ture kilns set on ground likely to subside on drying out) a 
considerable thickness of insulation is necessary. To over- 
come this, without resorting to ventilation, it has been 
suggested that a thin layer of good conducting material be 
inserted beneath the insulation and for such arrangements 
the temperatures that are likely to occur have been computed. 

Because this conducting layer is inserted in the ground 
below a layer of insulation it will have little effect on the 
heat loss through the kiln floor. If, for example, a 20 ft 
square kiln 12 ft high is built with walls 2 ft thick and 16 in. 
of insulation are inserted beneath the floor, a rough theoretical 
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treatment shows that the heat loss through the floor is 
increased by less than 15°% by the insertion of a conducting 
layer while the heat loss from the entire kiln is increased by 
less than 1%. 

A series of experiments have shown that for thin layers of 
insulation beneath a heated floor the theory gives results that 
compare well with what would actually occur. For thicker 
layers, apparently on account of the increased sideways heat 
flow in the ground due to the removal of some of the insulation 
at the edges, the theory gives temperatures that are lower than 
are achieved in practice. It may be advantageous in practice, 
therefore, to reduce the insulation under the edges. 


New Books 


Moderne Messmethoden der Physik: Teil I Mechanik und 
Akustik. By F. X. Eper. (Berlin: Verlag der Wissen- 
schaften, 1960.) Pp. xxiv + 696. DM 40. 


This is the second edition of a book first published in 1951. 
It is the first of a series which covers a wide field in the methods 
of experimental physics. This volume is devoted to tech- 
niques in Mechanics and Acoustics, another is available on 
Thermodynamics, whilst Electricity and Magnetism, Optics 
and Atomic Physics will be dealt with in due course. A 
number of books have been published in the last few years on 
experimental methods in physics but most of them have been 
heavily biased in the direction of the author’s personal 
interests. The present work escapes this fault and the book 
ranges widely over both of its main subjects. Its chief use 
will be as a reference book, each small topic occupying about 
a page in which the fundamental results are quoted together 
with a short description of methods and some discussion of 
principles. This basic information is intended to be amplified 
by using the numerous references. There are about two 
thousand of these, some of them quite recent. 

The whole book has a thoroughness typical of its country 
of origin, the text is in German and an English edition would 
be welcome for there is no comparable book already pub- 
lished. H. J. Pain 


Proceedings of the 1960 Heat Transfer and Fluid Mechanics 
Institute. Edited by D. M. Mason, W. C. REYNOLDS 
and W. G. Vincenti. (London: Oxford University 
Press, 1960.) Pp. x + 259. Price 70s. 


The papers are grouped under the headings Vortex motion, 
Boundary layer flows, Origins of turbulence, Flows not in 
thermodynamic equilibrium, Separated flows, Two. phase 
systems, and Thermal radiation problems in space tech- 
nology. Those engaged in the fluid mechanics and heat 
transfer field will find something to interest them in several 
of the papers, although they are on the whole rather highly 
specialized. 
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Abstract 


he design of a highly stabilized control system for a large 
electromagnet requires the knowledge of its small signal 
impedance as a function of frequency. The impedance of 
such an electromagnet was calculated, taking into account 
the effects of eddy currents but ignoring non-linearities in 
the magnetizing curve of the iron. It has been possible to 
‘use typical values for the relative incremental permeability 
and conductivity of iron to obtain a rather good estimate 
of its impedance over four decades above the lowest 
frequency for which reactive components of the impedance 
are significant. 

4 There is a change in slope in the curve of the magnitude 
of the impedance at a frequency corresponding to a skin 
yidepth equal to approximately three-quarters of the radius 
of cross section of the core. Above this frequency the 
\magnitude of impedance rises at 3dB per octave and the 
{phase angle approaches 45°. At much higher frequencies 
ithe existence of stray capacities causes deviations from 
this predicted behaviour. 


Introduction 


URING the construction of a mass spectrometer in the 
Geophysics Laboratory of the University of British 
Columbia a suitable circuit had to be developed for 
regulating the magnet current. In order to obtain stability 
“lof the order of 1 part in 100000 the regulator circuits required 
negative feedback and rather high loop gain. There exist 
general design methods for servo systems by which it is 
possible to obtain well damped transient properties of these 
The established methods of linear analysis and 


resistors, condensers and amplifiers. 
__ In the case of a large electromagnet and its current regula- 
‘tor the situation is less simple. Because of the solid core of 


If the magnet is considered as a transformer with short- 
circuited secondary, primary impedance changes with fre- 
jquency according to the penetration depth of the induced 
eddy currents are predicted. This skin depth is, for example, 
jabout 1mm for the 120c/s ripple component of the magneti- 
zing current when typical values are taken for the conductivity 
of the iron (107 Q~-! m~!) and for the relative incremental 
permeability (250). From such considerations it was 
suspected that the behaviour of the exciting coils could not 
be described by a transfer function of an easily manageable 
|type. 

It is the purpose of this paper to demonstrate a simple 
method of calculating the amplitude and phase of the impe- 
dance of an iron core magnet. Although this procedure 
includes only eddy current effects, neglecting hysteresis and 
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non-linearities in the permeability, it has been adequate in 
our case to predict the impedance characteristics of the 
magnet over four decades above the lowest frequency for 
which reactive components of the impedance are significant 
(corner frequency) with an accuracy not worse than 10% for 
the amplitude and 5° for the phase. Because of the con- 
siderable interest in the use of magnets with solid cores in 
modern experiments in physics the details of this calculation 
which are presented here should be of general interest. 

The large number of publications concerning eddy currents 
made a thorough survey of the literature difficult, but a few 
references were found which seemed to give information 
related to that wanted here. Scott (1930) made calculations 
about the decrease of inductance with frequency of coils with 
solid iron cores and gives curves for practical applications. 
His results do not fit the observed behaviour of our magnet. 
Rudenberg (1950) discusses magnetic fields in solid ferro- 
magnetic cores and shows their time constants at switching. 
Frauenberger (1953) deals with different approximations to 
establish relations between magnetizing current and field in 
the case of a special arrangement unlike any real magnet. 
He shows different expressions valid for low and high fre- 
quencies. Tuschak (1955) points out errors in Frauenberger’s 
approach. 

None of these references suggest that impedance-frequency 
relations are available in analytical or tabular form to predict 
the impedance of this magnet and it was decided to find an 
independent solution. The use of frequency as the inde- 
pendent variable was thought to be suitable because of easy 
comparison with the directly measurable impedance charac- 
teristics. These calculations are now presented here. 


Impedance calculations 


To determine the impedance of the coil let us assume an 
arrangement of a toroidal iron core with a circular solid cross 
section and assume an air gap in the torus (Fig. 1). 

The inductance of such a coil can be calculated as 
L = N?/& where N equals the number of turns in the coil 
and & equals the reluctance around the magnetic path. 
This reluctance is the sum of reluctances determined by the 
iron and the air gap. For frequencies at which the eddy 
currents in the core become important the reluctance of the 
iron will vary depending on frequency and will be a complex 
quantity. In consequence the impedance at the coil terminals 
will show resulting deviations both in its real and imaginary 
parts. 

Because the air gap reluctance is approximately constant 
it is only necessary to derive the iron reluctance as a function 
of frequency. Therefore let us first examine the simple case 
when there is no air gap in the torus. The symbols used are 
as follows: E = electric field, H = magnetic field, c = radius 
of cross section of torus, r= distance from centre of 
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cross section of torus, « = conductivity, 4. = permeability, 
w = angular frequency, J = current, N = number of turns, 
n= number of turns per unit length of magnetic path, 
R, = reluctance of air gap, #) = reluctance of iron core at 


Assumed model on which the calculations of the 
impedance were based. 


Riggels 


zero frequency calculated with the incremental permeability, 
R= d.c. resistance of windings. 
From Maxwell’s equations 


VxE= — yH and V <x H = oE 
where the displacement currents have been assumed to be 
negligible in metallic conductors. 


Combining these equations there results: 


V x V x H= — poH 
V(V -H) — V?H = — poH. 
But within the iron there are no free magnetic poles and 
V-H = 0 and therefore 
V?H = + poH. 
Taking k as a unit vector in the direction of the circular axis 
of the torus, then 
He AK 
V7H = pol. 


If the radius of the torus is sufficiently large compared with c, 
the assumption of cylindrical symmetry will introduce only 
minor errors and therefore 


and 


r a" @ 7 hae 
a? = ; 
or We oe : = poH. 


The variables are separated by writing H = G(r)K(/). 


from which K = ettlus 


H = aclu Jofr(—A)3¥ 
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where Jp is the Bessel function of order zero. 
boundary condition that H = nie’! atr = c: 


nest = aeMlus Jofc(—A)3} 


Applying t} 


whence a = nl/Jo{c(— A)} and A = jwpo. 
Therefore 
H = nleJt Jo{r(— jwpoy}/Io{e(—jwpo)¥}. 
Now DP = I pH2rrdr 
0 


__ Qmpnle/*c J,{c(— jwpao)*} 
(— jwpo)t IJofc( —jwpo)}} ° 


The magnetic reluctance 
R = Niei*t/O 
= 1(— jwpo)t Jo{c(— jwpo)3} 
2mcp J,{c(— jwp.o)3} 
_ g MKD? Jol) 
eee Jiin(— J} 
Ry = Ic? and 7? = wpac?. 


where 


As 7 —> 0 the reluctance approaches Zp and as 7 — 00 i 
reluctance approaches 4/7 Zp. 

Thus it is seen that at high frequencies the reluctance of t 
iron is increasing with the square root of the frequency a 
has both a real and imaginary component as the eddy curre 
lag behind the primary current by 45°. 

In the absence of an air gap and where the d.c. resistance { 
| 


the primary winding is negligible, the complex inductance 
ay 2N73,{(— j)3} 
Ron(— I*Soln(— 13} 


and the impedance 


Z(w) = jwLk 
_ 27?N?nJi{n(— J 
pac? BoJotn(— j)*} 
ne iNOn 
- proc? Rof (m) 


n(— j)*Jofn(— J} 

23,{n(—j)?} 
Adding the reluctance of the air gap and the finite resistan 
of the primary winding there results 


where 


f(y) = 


jN?n? 
poc{Ay + Ref (y)} Gye 


which gives the predicted impedance of the magnet at fre 
quencies low enough so that capacities can be neglectec 
Tables of functions by Jahnke and Emde (1945, p. 266) giv 
the phase and magnitude of the ratio of Bessel functior 
required here. | 

Equation (3) assumes a constant air-gap reluctance. I 
fact the air-gap reluctance must drop at higher frequencie 
because the restriction of changes in the magnetic flux to th 
surface of the iron will result in a reduction in the effectiv 
cross section area of the air path. It was thought that thi 
would be an effect of secondary importance and this we 
borne out by the measurements. 


Z(w) = 
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y Figure 2 shows the magnitude of impedance (arbitrary 
inits), and the phase angles of a toroidal iron core without 
air gap plotted as a function of 7”, ie. twice the squared 
ratio of the radius of cross section to the skin depth in the 
rore (2c?/d”), which is proportional to the frequency. In 
this idealized case the d.c. resistance of the windings was 
assumed to be negligible. The impedance increases linearly 
with frequency at the beginning showing a phase lag of 
0° At higher frequencies a proportionality with the 
3quare root of the frequency and a 45° phase lag is obtained. 
The change of slope of the impedance curve occurs at a 
‘requency which corresponds to a skin depth of approximately 
(three-quarters of the radius of the core cross section. 


 (deq) 


IZ (wl Carbitrary units) 


01 


0. | ~ Se Ser 102 io ~=—i(its*«éidS 
12 


Fig. 2. Form of the impedance curve for a hypothetical iron 
toroidal coil with no resistance and no air gap. 


To extend the calculation for the case when the winding 
resistance is not negligible and there is an air gap in the core, 
Eqn (3) can be used. To predict the impedance of the 
actual mass spectrometer magnet the following numerical 
values were substituted: N= 21000 turns, R= 640Q, 
o = 107 Q-!m—!, c = 0-15 m, » = 250 (incremental perme- 
apility), Zs = 2 x 10° H—!, BZ =0-8 x 10°H—!. These 
two reluctances were calculated from the actual dimensions 
of the air gap of the magnet and from the dimensions of the 
iron yoke. The incremental permeability j= 250 is 
probably a good approximation for the low carbon content 
(isteel used. 

Figure 3 shows the magnitude of the impedance and the 
phase of such a magnet. The corner frequency at which the 
1640 Q d.c. resistance changes to the frequency dependent 
{impedance is higher than w = 0-2 radian per second. The 
skin depth in the core is about 4c at this frequency which is 
{nine times the corner frequency in Fig. 2. That is the reason 
jwhy only the slope of one half, corresponding to dependence 
4on square root of frequency, appears in Fig. 2. 


Measured impedance of the iron core magnet 


There was a preliminary measurement made about one 
year ago when the magnet was first assembled and the magnet 
jcurrent regulator was designed. The measured impedance 
jversus frequency is shown by Russell and Kollar (1960) in 
4describing certain parts of the mass spectrometer. At that 
time, because of less adequate measuring facilities, the low 
frequency results were obtained by recording the magnet 
}current response for a voltage step, and the impedance was 
inumerically evaluated by Laplace transform methods. The 
tresults in the frequency domain gave the impedance of the 
windings quite well for frequencies below 0:2c/s. Above 
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2 c/s an audio generator was used for the impedance measure- 
ment. Although the magnitude of the impedance was 
thought to be quite reliable, the fact that the phase angles 
were decreasing at higher frequencies was puzzling, and to 
calculate a theoretical impedance-frequency function seemed 
desirable. 

After the predicted impedance plot was obtained, a more 
precise measurement was desirable to check the theory, 
which contains several simplifying assumptions not easily 
justified by calculation. A low frequency signal generator 
with a frequency range of 0:01 to 1000 c/s was then available 
but with an output impedance of about 10kQ. A transistor 
power amplifier stage was assembled, using two transistors 
in the Darlington compound arrangement to obtain the 
driving signal at a negligibly small output impedance. 
A resistor of 15 Q in series with the magnet coil supplied a 
voltage proportional to the current. The voltage on this 
resistor and the voltage on the coil were directly connected to 


100 i} 


os eee 90 


¢ 10 60 
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Fig. 3. The impedance curve for a solid iron core inductance 
with air gap and with finite resistance. The solid curves show 
the predicted variation calculated from typical electrical 
parameters for the iron and the measured dimensions 
and resistance of the coil. The points show experimentally 
determined values of amplitude and phase of the impedance. 


the X and Y input terminals of a Tektronix Type 502 cathode- 
ray oscilloscope. The dimensions of the ellipses were 
measured on the screen of the oscilloscope and the impe- 
dances and phase angles were determined at 0:01, 0-02, 0:05, 
0-1,...1000c/s. A driving voltage of about 1 volt r.m.s. 
was used for all measurements. The measured points are 
plotted in Fig. 3. 

The similarity between the measured and the predicted 
impedances is remarkably good. The phase curves also 
conform quite well over four decades of the plotted frequency 
range. Near 1 kc/s a resonance seems to appear due to the 
stray capacity of the windings. 

The impedance curve for a second similar magnet manu- 
factured of Armco iron was also determined. In this case 
the agreement was less good. The slope of the magnitude— 
frequency logarithmic plot was 0-57 rather than the predicted 
value of 0-50 and the phase angle ob.ained a steady value of 
55°. Since the magnets are nearly identical in construction, 
the difference in behaviour is attributed to the less simple 
hysteresis curve of the special magnetic iron. However, even 
in this case the predicted curve is adequate to give an excellent 
guide for the servomechanism design. 

The calculations have assumed a constant value of the 
permeability and therefore the measurements were made with 
small signal amplitudes. The actual operating conditions 
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of the current regulator are similarly determined by the small 
signal properties of the components. Therefore calculating 
the impedance in the way shown can supply the necessary 
information accurately enough, as judged from the measure- 
ments, to design the servo loop for optimum stability and 
speed of response. 

Conclusions 


A simple calculation method was shown to give the 
impedance of a magnet with solid iron core as a function of 
the frequency. The deviations between the predicted and 
measured frequency characteristics were found to be less than 
10% for the magnitude and 5° for the phase. This shows 
that the neglected hysteresis losses are not important for 
variations in the current with small amplitudes. Similarly, 
neglecting the leakage flux of the coils seems permissible. 
Although the magnet frame has a rectangular cross section, 
the formulae which were derived for a cylindrical core could 
be applied. 


New books 


Fortschritte der Hochfrequenztechnik. Edited by J. ZENNECK, 
M. Srrutr and F. Vitsic. (Frankfurt: Akademische 
Verlagsgesellschaft, 1959.) Pp. xiii + 321. Price 
DM 42. 


This is the fourth volume of a series which reviews progress 
in the general field of high-frequency techniques. Articles 
included are: Communication by means of scatter propa- 
gation, by J. B. Wiesner (English), Propagation of low and 
very low frequencies, by H. Poeverlein (German), Modern 
high-frequency transistors—a survey, by R. L. Pritchard 
(English), Fabrication techniques for high-frequency tran- 
sistors, by R. N. Hall (English), Noise in semiconductors, 
by A. van der Ziel (English), Fluctuation processes in electron 
beams, by H. W. Konig and H. Potzl (German), Delayed 
conduction in travelling wave tubes and linear accelerators, 
by K. Péschl (German), and Properties of getters in electronic 
tubes, by J. S. Wagener (English). The papers in German 
have summaries in English and vice versa. The individual 
articles are well written and authoritative and the standard 
of production is high. The only doubt about the success of 
the volume in the reviewer’s mind is that the area of coverage 
in the volume is so wide that the number of potential readers 
interested in the volume as a whole may be rather small. 
C. A. HOGARTH 


BRITISH JOURNAL OF APPLIED PHYSICS 


310 


Therefore it seems to be possible to predict the impedanc| 
frequency characteristics of a magnet using only typic 
values of magnetic and electric properties of the iron and | 
physical dimensions, and that the predicted characteristi 
are sufficiently precise for most practical servomechanis 
design problems involving the stabilization of the magne 
field. | 
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materials are surveyed. 
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(Electrical characteristics of diffused InAs p-n 
junctions 


‘~A study of the electrical characteristics of diffused InAs p-n 
unctions has been made at 300° x, 196°k and 77° x. At 
196° k the current-voltage characteristic is in good agree- 
nent with conventional diode theory; deviations from this 
‘heory at 300° k and 77° k have been accounted for. There 
jaave been reports of photo-voltaic action in InAs junctions 
‘'n the literature (Tulley and Enright 1954, Hilsum 1957, 
Lucovsky 1961); however, the rectification properties of these 
“\junctions have not previously been discussed. 

The junctions used in this study were prepared by diffusing 
‘(Cd into n-type InAs. The diffusion run was adjusted so 
j-hat the junction would be 0-001 in. below the surface of 
the p-region. The n-type InAs was grown in this labora- 
‘cory; Hall measurements indicated a net donor density of 
2-4 x 10!*/cm3 at 300° k and 2:3 x 10!6/cm3 at 77°k. The 
uverage acceptor concentration was estimated from lateral 
shotovoltage measurements (Lucovsky 1961) at 300° k and 
was found to be of the order of 5 x 10!8/em3. 1 x 1mm 
samples were cut from the diffused wafers. A broad area 
ndium solder contact was made to the n-region and a smaller 
ndium solder contact of 0-1 mm radius was made to the 
9-region (see Fig. 1). Previous experience with indium solder 
jcontacts has indicated that they are non-rectifying. 
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Fig. 1. Schematic representation of the structure of the 
diffused InAs junctions. 
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Figure 2 is a plot of the current-voltage characteristic of 
Jan InAs junction at 300°xK. The rectification ratio at 
\|V| = 4kT/e is found to be 22; conventional diode theory 
predicts a value of 54. This “deviation results from the 
presence of lateral effects (Lucovsky 1961) which depend on 
ithe contact geometry and from pre-breakdown multiplication ; 
‘the presence of lateral effects reduces the forward current and 
ithe pre-breakdown multiplication increases the reverse current. 
{A plot of the logarithm of the forward current against 
voltage for large forward bias indicates a slope of e/1:30kT; 
|conventional diode theory based on minority carrier diffusion 
jcurrents predicts a slope of e/kT (Moll 1958). The devia- 
tion from the ideal theory results from non-vanishing 
{lateral resistance which is important due to the contact 
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geometry. The magnitude of the slope of the characteristic 
is in agreement with an analysis based on this explanation. 
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Bigse2: Current-voltage characteristics at 300°k; InAs 
junction No. 73. 


Further calculations indicate that the generation and recom- 
bination of carriers in the transition region can be neglected 
at this temperature (Sah, Noyce and Shockley 1957). 

A plot of the forward characteristic of the same diode at 
196° kK has a slope of e/1-10kKT. Photoeffect experiments 
indicate the absence of lateral effects at this temperature; 
therefore, the contact geometry has no influence on the 
junction characteristics. If we use the slope of the charac- 
teristic at large forward bias as a measure of the extent to 
which a particular theory is obeyed, we then find that InAs 
obeys the conventional diode theory at 196° k. Calculations 
again indicate that the generation—recombination current is 
small compared to the diffusion current at this temperature. 

A plot of the forward current-voltage characteristic at 
77° K indicates a slope of e/2:06kT. Photoeffect experiments 
indicate no lateral effects at 77° kK; therefore, contact geo- 
metry is not responsible for the decreased slope. A cal- 
culation of the ratio of the diffusion to the generation— 
recombination current indicates that the latter predominates 
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Fig. 3. Reverse barrier capacitance plotted against barrier 
potential; InAs junction No. 73. 
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at 77° and is responsible for the decreased slope of the 
forward characteristic. 

Figure 3 contains a plot of the barrier capacitance as a 
function of the applied potential for the reverse direction. 
The voltage scale has been adjusted for the intrinsic barrier 
potential. The slope of the curve is found to be —0-30. 
This value is typical of those obtained in this laboratory for 
diffused InAs junctions. The failure of the last two experi- 
mental points to fall on the curve is attributed to the fact 
that these points fall in the breakdown region of the charac- 
teristic. 


The author wishes to thank H. Altemose for his invaluable 
assistance in the preparation of the experimental samples. 


Research Division, G. Lucovsky 
Philco Corporation, 
Philadelphia, 


Pennsylvania, U.S.A. 


Notes and comments 


International Symposium on Microchemical Techniques 


An International Symposium on Microchemical Techniques 
is being held from 13th to 18th August 1961 at the Penn- 
sylvania State University. The purpose of this symposium 
is to provide for the interchange of information and ideas 
among technologists from all parts of the world concerning 
new methods and techniques or unique applications of 
microchemical or microanalytical interest. 

Further information may be obtained from The Inter- 
national Symposium on Microchemical Techniques Con- 
ference Center, The Pennsylvania State University, University 
Park, Pennsylvania, U.S.A. 


2nd International Congress on Cybernetics 


The International Association for Cybernetics has just 
issued the Proceedings of the Second International Congress 
on Cybernetics, held at Namur, Belgium, in September 1958. 

This important scientific publication, which includes 80 of 
the papers read at the Congress, is available from the Secre- 
tariat of the ‘Association Internationale de Cybernétique, 
A.S.B.L.,’ rue Basse-Marcelle 13, Namur, Belgium. Price 
800 Belgian francs for members of the Association and 
1200 Belgian francs for non-members. 
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mONFERENCE REPORTS 


London symposium on electrical contacts 


hy M. R. HOPKINS, M.Sc., Ph.D., F.Inst.P., University of Wales, University College of Swansea 


jeport on the Symposium on Electrical Contacts held by The Institute of Physics and The Physical Society in 
ollaboration with The Institution of Electrical Engineers on Sth-7th April 1961 


AS. received 27th April 1961 


Abstract 


{ Symposium on Electrical Contacts was held by The 
nstitute of Physics and The Physical Society, in col- 
aboration with The Institution of Electrical Engineers on 


he Sth, 6th and 7th April 1961, at the Brunel College of 


“echnology. The scope of the discussion was such as to 
ie of interest to physicists, electrical engineers, metal- 
urgists and chemists from industry and industrial research 
stablishments, from research associations and from 
!niversities. 

_ The opening session consisted of an address by Professor 
*, Llewellyn Jones on ‘The physics of electrical contact 


ntact operation, the important problems still out- 
tanding and the methods by which they are now being 
ittacked. The sessions which followed were devoted to 
.|Principles’, ‘Fundamental investigations and techniques’, 
‘Contact surfaces’, ‘Materials and design’, ‘Non-metallic 
‘ontacts’ and ‘Miscellaneous subjects’. At each of these 
essions, four or five short papers were presented and 
jollowed by discussion. 


Institute of Physics and The Physical Society, in 
collaboration with The Institution of Electrical 
‘2ngineers on the 5th, 6th and 7th April 1961, at the Brunel 
Tollege of Technology. The symposium was attended by 
“ver two hundred and sixty members, including several 
»yverseas visitors. The scope of the discussion was such as 
o be of interest to physicists, electrical engineers, metal- 
lurgists and chemists from industry and industrial research 
stablishments, from research associations and from uni- 
Versities. 

_ The opening session consisted of an address by Professor 
Llewellyn Jones on ‘The physics of electrical contact 
jyhenomena’, in which he surveyed the various aspects of 
fontact operation, the important problems still outstanding 
ind the methods by which they are now being attacked 
published in this issue, following paper). The sessions 
\vhich followed were devoted to ‘Principles’, ‘Fundamental 
nvestigations and techniques’, ‘Contact surfaces’, ‘Materials 
ind design’, ‘Non-metallic contacts’ and ‘Miscellaneous 
ubjects’. At each of these sessions, four or five short papers 
vere presented and followed by discussion. A list of the 
wenty-five papers presented at the symposium is appended, 
ind the papers are numbered in order of presentation for 
yurposes of reference in this report. 


) Vor. 12, JULY 1961 
{| 


| Q Symposium on Electrical Contacts was held by The 


ay 


thenomena’, in which he surveyed the various aspects of 


313 


Opening lecture and session on general principles 


Problems relating to the design, manufacture and operation 
of efficient and reliable electrical contacts are of long standing 
in the electrical engineering and communication industries. 
Until recent years, research has on the whole been directed 
mainly to the solution of specific problems and a great deal 
has been published on empirical studies of special applica- 
tions. It has become recognized that progress must depend 
upon a more fundamental approach involving an investigation 
of the basic physical phenomena associated with the operation 
of a contact (1). The function of an electrical contact is to 
close a circuit, to allow a current to pass for a specified time 
and then to open the circuit. These operations may have to 
be repeated at certain intervals. Time factors may vary from 
microseconds to years, potential differences from a small 
fraction of a volt to thousands of volts, currents from a 
microampere to thousands of amperes. It is therefore 
convenient to classify contacts as belonging to one of three 
main classes; heavy duty contacts, light duty contacts and 
electrostatic contacts. The first class contains the circuit- 
breakers used in power installations. This type of contact, 
in which the problem is mainly that of arc suppression on a 
large scale, was not considered in the symposium. The 
contacts used in light engineering and in communication 
engineering fall into the second class, potential differences 
being of the order of volts and currents of the order of 
amperes. In the third class are the contacts which are used 
in electronic circuits and sensitive electrostatic measuring 
equipment in which the currents are very small. In light 
duty contacts failure is due to the disfiguration of the 
electrodes caused by the transfer of metal from one electrode 
to the other. The problems that arise in electrostatic contacts 
are those due to the formation of oxide films and tarnish 
layers on the electrode surfaces. 

It is interesting to consider the three phases of operation 
of a light duty contact. As the electrodes approach each 
other a stage is reached at which the electric field between 
them is high enough to extract electrons from the cathode 
and to establish conditions under which an arc is formed. 
This is the well known ‘are at make’. The second phase is 
that in which contact is made and current flows. Current 
continues to flow as the electrodes begin to separate until 
the connection between them is a microscopic bridge of 
molten metal. When this breaks, we have the third phase, 
that of a micro-arc between the two electrodes. This is the 
‘arc at break’. 

Much work has been done on the formation, stability and 
rupture of molten metal bridges between contact electrodes. 
The shapes of bridges which are stable under the action of 
surface tension and electrodynamic forces have been cal- 
culated and observed. In the opening address, a ciné film 
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showing sequences of such shapes was shown (1). Although 
temperature asymmetry in the bridge itself, due for example 
to the Thomson effect, provides a possible cause of metal 
transfer, if it is assumed that the bridge breaks at its hottest 
cross section at a temperature which often approaches that 
of the boiling point of the metal, the bridge is of central 
importance in that it sets the stage for the micro-arc which 
occurs when it breaks. The sudden breaking of the bridge 
gives rise to a small region containing metal vapour at high 
pressure, and movement of matter in the form of ions can 
take place in the high electric field between the electrodes. 
The bridge between contact electrodes is an example of a 
conducting system in which the heat lost from the surface 
can be neglected in comparison with the heat conducted 
through the system. In this case there is a simple relation 
between the generalized potential yb, defined, to include 
thermoelectric effects, by 


j = —« grad & 
where j is the vector current density and « the electrical 
conductivity, and the temperature 9. This relation, which 
is a steady state relation, is independent of the geometrical 
configuration of the system. It is known as the (i, 6) 
relation, and is given by 


op? = Fe — 2 
where 
6m 
6 


F(, 9) = + (2| *10) ne f Pat. P= [odd 


6,, is the maximum temperature, A the thermal conductivity 
and o the Thomson coefficient. 

If the temperature is uniform, say 05, at distances remote 
from the hottest point, then the potential difference V between 
the ends of the system is given by 


4V = Fo, 8) = (2 is 110) 


This is a unique relation between V and 6,, which has formed 
the basis of a method of determining the ratio A/« of the 
thermal to the electrical conductivity of a metal as a function 
of temperature by observing an artificial bridge consisting of 
a short fine wire joining two large masses of the same 
metal (2). The method consists of measuring the tempera- 
ture of the hottest part of the wire by matching with the 
strip filament of a standard pyrometer lamp and measuring 
the potential across the conductor at the same time, over a 
range of values of temperature and potential. 0, the 
temperature at distances remote from the hottest point, is 
effectively room temperature. The properties of metals at 
high temperatures can be investigated in this way and in 
the case of some metals such as platinum, the wire remains 
in place even when molten, and measurements can be made 
well into the molten range. By measuring the current at the 
same time it is possible to determine A and x separately, but 
this is more difficult. 

Some interesting results on thermal instability in electrical 
contacts (5) depend upon a consideration of the actual 
variation of electrical and thermal conductivities with tem- 
perature in certain cases. Considering two electrodes in 
contact over a small area, for many conductors, steady 
conditions can exist only when the current is below a critical 
value. Greater currents will cause the temperature to rise 
until some other phenomenon such as melting limits the 
process. The critical value of the current is associated with 
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an upper limit to the steady temperature which may | 
created in the body; this may be several hundred degre 
below the melting point of the conductor. These coi 
clusions apply to the small regions of contact near t) 
interface of the electrodes of a switch and have interestiy 
implications in the design of electric switches and of fuses.) 

Since oxide films play a predominant role in the behavio: 
of contacts, a discussion of the mechanisms of formation | 
oxide films on metals (3) was appropriate at the symposiut 
Thermochemical considerations determine whether a met 
will form an oxide under particular conditions. Exampl 
were given of the reactions of precious metals, often used | 
contact materials, with oxygen at a pressure of one atm 
sphere. Gold is the only metal that does not form an oxic 
but this property is shared with certain dilute alloys of oth 
metals in gold. Ag,O dissociates at about 200° c and Ags 
which may be present on silver at room temperature, di 
sociates at a somewhat higher temperature. PtO, volatiliz 
at an appreciable rate above about 1000°c. Kinetic co} 
siderations are of great importance. With thin oxide layer 
formed at low temperatures, a strong electric field is respo: 
sible for pulling ions across the layer to form new oxid 
Various growth-time relationships can be deduced, depen: 
ing on which step in the process is assumed to be rat 
determining. None of these mechanisms is as yet we 
established. For thick layers (>5000 A) and higher temper 
tures, the mechanism of oxidation leading to a parabol] 
growth-time relationship is well understood and consists | 
diffusion of ions along a concentration gradient across | 
protective layer. The species which diffuses is determin 
by the defect structure of the oxide, and it is possible 
reduce oxidation by decreasing the concentration of vacancil 
or interstitial cations by additions of suitable alloyi 
elements. The oxidation of tungsten is an important exam 
of a more complicated process in which a thin protecti 
layer of a lower oxide grows to a limited thickness next 
the metal and then transforms at a constant rate to a powde 
outer layer of trioxide, resulting in an initially parabo 
growth-time relationship becoming linear at a later stage. 

The importance of surface phenomena in non-metals w 
brought out in a paper on the friction and wear of carbon ( 
The conclusion drawn from experimental results was th 
the low friction of graphitic carbon (and non-graphit 
carbon) is due to low adhesion between crystallites and n 
to low shear strength as is generally supposed. The | 
adhesion is promoted by adsorption of gases which satur 
the forces on the surface of the crystallites, especially t 
edge forces, and the high friction and wear of carbon brush¢ 
which occurs at high altitude arises as a natural consequen¢ 
of the desorption which then occurs. 


Fundamental investigations and techniques 


An understanding of metal transfer requires detaile 
knowledge of the amount of metal transferred from or 
electrode of a contact to the other. Although this has lor 
received much attention, measurement has always been. 


matter of some difficulty because of the very small amout 
of metal transferred in a single operation of a light du: 
contact. Weighing the electrodes to determine the transf 
requires something like 10° operations of the contact befo- 
an estimation can be made. The gravimetric method als 
has the disadvantage of determining only the net transfé 
and not revealing the details of the exchange of metal betwee 
the two electrodes. Optical estimation at high magnificatic 
also suffers from these disadvantages, which have been ove: 
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|rome by measuring transfer by using radioactive isotopes (7). 
‘jf one electrode of a contact has been made radioactive by 
i een bombardment in a nuclear reactor, transfer of metal 
rom it to the other electrode can be measured accurately 
vy the use of standard counting techniques. Transfer in the 
\jppposite direction is determined by reversing the polarity. 
(tn this way the relation between movement of matter in both 
ijlirections and the circuit inductance has been investigated 
‘down to very low values of the inductance—of the order of 
“0-8. The relation between the total amount of metal 
moved, the net transfer and the volume of the molten metal 
iipridge leads to a better understanding of the relative roles 
tf the molten metal bridge and the micro-are which occurs 
ijt the breaking of the contact. In the case of the various 
iNimetals investigated it was found that there was no range of 
inuctne over which the transfer was independent of 


My 


nductance. 

i) The result of metal transfer in a light duty contact is the 
wpecumulation of excess metal known as a ‘pip’ on one 
Jeet and the formation of a corresponding crater in the 
spther. Failure of the contact can be due to the mechanical 
ijocking of the pip in the crater. Quite apart from any 
physical theory of transfer, therefore, given that transfer 
Mars at each operation, the geometrical build up of the pip 
ind crater is of interest. An analysis of this has been made (8) 
yn the basis of the erosion pattern observed after a single 
yyperation of the contact, the observable parameters being 
\pridge volume, the fraction of this volume deposited on one 
\ilectrode and the mean distance to which the bridge material 
i#s scattered. In this way relationships are derived which give 
he rate of growth of the eroded area and the shape of the 
yip and crater profiles. These are in good agreement with 
ixperimental evidence and the theory has a number of 
»practical implications. Metals of high electrical conductivity 
jive rise to sharper pips; also, the larger the radius of 


i 


become. 

Metal transfer, which normally has a deleterious effect in 
_(lectrical contacts can be put to good practical use in the 
yrocess sometimes called ‘spark-hardening’ (6). In this 
(process a wear resistant skin is generated upon a metal 
urface by transfer from a vibrating electrode which is 
jamaller than the work-piece and so attains a greater tem- 
yerature. Experiments were described showing that this 
emperature difference promoted transfer from electrode to 


The mechanical deformation of the electrodes of a contact 
t closure is of considerable importance in relation to the 
lectrical behaviour of the contact. Progress has been made 
ln the study of closure problems by the use of models and by 
xperiments with real contacts (9). Plastic compression and 
ndentation have been investigated by means of models made 
f two-colour laminated ‘Plasticene’, the models being of 
4limple geometrical shapes—hemispheres, cones of different 
4~pex angles, rectangular blocks. Indentation of a body by 
4, smaller one usually occurs when the smaller is the harder, 
Jout it can also occur when the bodies are of identical 
nardness; its extent is controlled by friction and diminishes 
\vith lubrication. The form of the indentation approxi- 
Jnates to that of the segment of a sphere, and is almost 
jndependent of the original shape of the indenter. Different 
jorces produce indentations which are geometrically 
imilar and so the fracture of an intervening film cannot 
lnecessarily be ensured by simply increasing a normally 
lypplied force. The flow pattern depends upon the rate of 
Heformation, and for very slow rates the flow does not 
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proceed smoothly. The pattern also depends very strongly 
on frictional constraints. 


Contact surfaces 


The session of the symposium devoted to contact surfaces 
opened with a paper on the cleanliness of precious metal 
surfaces (10), describing a contact resistance technique for 
examining the incidence and behaviour of thin adsorbed 
films of thickness 5A to 20A on precious metal surfaces 
and giving the results of contact resistance measurements 
carried out over the load range 10-3 to 107g. At loadings 
greater than 1 g it is the bulk properties of the electrode 
material which determine the behaviour of the contact, 
whereas below | g the surface properties predominate. The 
results of measurements of metals of the platinum group 
give a specific film resistance corresponding to film thicknesses 
of about 5A. Film thickness depends on the method of 
surface preparation. Cold formed surfaces and surfaces of 
broken sintered components are stable in air for periods of 
at least a year, in contrast to abraded surfaces which show 
a progressive deterioration with time. The thickness of 
films 20A thick at 50mg varies with loading, while the 
thinner films remain sensibly constant over the range 0:5 to 
5000 mg. Low contact resistance, high contact stability and 
high weld strength are found to go together. 

Since the surfaces of contact electrodes are in general 
covered by oxide and other films and may be contaminated 
by dust, etc., it is important to examine the effect of such 
films on electron emission from the cathode, under the action 
of the electric field in the contact gap as the electrodes 
approach at the making of the contact (11). This electron 
emission is the decisive factor in the initiation of the arc at 
make. The probability of emission of an electron from such 
a surface as a function of the applied electric field has been 
measured under a variety of conditions in order to investigate 
the mechanism of field emission at room temperatures. The 
technique involves the study of the statistical distribution of 
the time lag between the application of the field and the 
emission of an electron. The results show that substantial 
electron emission occurs at fields of relatively moderate 
strength (10+ to 10° v/cm) compared with the 107 v/cm 
required by the Fowler-Nordheim theory of emission from 
clean surfaces. The rate of emission depends upon the 
state of the cathode surface, and is considerably enhanced 
by oxide films and dust. The fact that emission takes place 
at 104 to 10° v/cm rather than 107 v/cm leaves sufficient 
space between the approaching electrodes for an arc to be 
established. 

The presence of dust can, of course, interfere mechanically 
with the closure of a contact. This may be discussed (12) 
in terms of the probability of establishing electrical contact 
in any particular closing operation. It can be shown that 
this probability is related in a simple way to the number 
and size of the contaminating particles, to the mechanical 
force on the contact and to the nature of the contacting 
surfaces. 

The use of sliding contacts introduces problems of 
mechanical wear and friction in addition to those of electrical 
erosion. The behaviour of a typical sliding contact system 
in which a metal electrode slides over plastic insulating 
surfaces and metal surfaces in turn has been studied (13). 
A metallic surface in sliding contact with a plastic surface 
can pick up plastic material which may be transferred to a 
second metal surface as the first subsequently slides over it. 
The plastic acts as a lubricant and the wear of the metallic 
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surfaces can be substantially reduced without significant 
interference with electrical contact. With a suitably refined 
technique, determinations of film thickness can be made by 
direct weighing and preliminary work has shown that, with 
polytetrafluoroethylene (PTFE) and nylon, it is possible for 
palladium, copper and nickel-silver to acquire films having 
an average thickness of about 250 A. The process of pick- 
up does not seem to be wholly mechanical and may be 
related to polymer formation. It depends not only upon 
sliding speed and contact force but on the particular plastics 
and metals involved and on the condition of the metal sur- 
faces. With some combinations of metals and plastics the 
metal exhibits negative pick-up. 

Electrodeposition is an important method of preparation 
of contact electrode surfaces and there is a good deal of 
knowledge available on plating conditions, etc. The electro- 
deposition of precious metals (gold, silver palladium, rhodium 
and platinum) was discussed (14) in terms of electrolyte 
formulations, operating conditions, basis metal pre-treatments 
and properties of deposits, with special reference to the 
requirements of light duty electrical contacts and the plating 
of copper-clad laminates. 


Materials and design 


The session devoted to materials and design was preceded 
by a review paper on practical aspects of light duty electrical 
contacts (15), in which the factors which must be taken into 
consideration in the design and manufacture of such contacts 
were discussed. These factors are material, electrode shape, 
surface finish and size and method of attachment. Opera- 
tional features which must be taken into account are contact 
loading force, separating force and freedom from bounce. 
An important factor too is the cost of materials and manu- 
facture. Palladium and certain alloys of ruthenium and 
platinum and palladium and silver are good from the point 
of view of freedom from welding, and oxidation of these 
materials is not so serious as to interfere with the operation. 
Silver is a good contact material but it tends to weld. A 
high separating force and freedom from bounce are required. 

The practical aspects of applying precious metal finishes 
to contact surfaces of connector springs, blades and printed 
circuits were discussed in a paper on finishes for electrical 
contacts (16). The influences of design, materials and 
plating processes were discussed and ways and means of 
selective plating proposed with a view to economy and to 
extending the use of precious metal contact surfaces. Gold, 
palladium and composite rhodium coatings on printed 
circuits have been assessed in relation to the performance of 
various plating baths and deposit characteristics such as 
internal stress, hardness and surface resistance. A new 
process for the deposition of palladium and similar metals 
was described, and the operation of a typical precious metal 
plating shop, inspection and testing procedures in the pro- 
duction of reliable electrical contacts were discussed. 

An investigation into combinations of silver, hard gold (of 
various types and hardness values), fine gold and palladium 
as electrodeposited contact materials was described in a 
paper on the evaluation of electroplated contacts (17), the 
field of application being signal transmission circuits. The 
discussion included consideration of contact resistance under 
static and sliding conditions, wear resistance, the effect of 
atmospheric contamination, surface finish coefficient of 
friction and relative costs. 

The general requirements which have to be satisfied in 
aircraft electrical systems and their implications in switch- 
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gear design were considered in a contribution on electri¢ 
contacts in aircraft switchgear (18). Experimental w 
carried out to provide information at the design stage 
ensure freedom from high contact resistance and weldi 
during the lifetime of the switch was described. | 

The difficulties of ensuring satisfactory contact operati) 
at ambient temperatures up to 500° c are related to oxidatic 
welding and thermoelectric effects (19). Oxidation charg 
teristics of the precious metals at temperatures up to 9004 
have been investigated by light load contact resistar 
measurements. From this point of view gold and platinu 
are film free and ruthenium is unusual in having a high 
conducting oxide. High melting point materials such 
iridium and ruthenium have an advantage when welding di 
to high currents at elevated temperatures is a difficul! 
Thermoelectric effects between dissimilar metals, betwe: 
metals and their oxides and between like metals, at differe 
temperatures, separated by layers of adsorbed vapour we 
discussed. | 

The principles of contact design and a comprehensg 
account of the various factors which must be consider) 
were given in a paper on the selection of electrical conta 
materials for light duty applications (20). The results 
tests on various contact materials including platinum ai 
platinum-group alloys, gold and gold alloys, silver as 
silver alloys show that life and reliability depend upe 
surface contact resistance, arc erosion, material transfer a1 
welding characteristics. | 


Non-metallic contacts and miscellaneous subjects 


Granular carbon aggregates are of considerable practi 
importance, and the heat treatment of such aggregates 
various gas atmospheres has been studied (21). In ing 
gases, in hydrogen and in vacuo the electrical resista 
either remains constant or decreases as the heat treatm 
temperature is raised. In ambient gases containing eit 
free or combined oxygen, however, a sharp maximum 
obtained in the resistance at a heat treatment temperature 
about 530° c. This is attributed to the formation of a no 
conducting surface oxide layer which decomposes at hi 
temperatures. 

The behaviour of granular aggregates of carbon and sil 
carbide were further discussed in a paper on some electri 
properties of non-rectifying semiconducting contacts. 
single contact, or an aggregate of contacts, in a granul 
material, display a capacitance and energy Joss that va 
with frequency. The energy loss can have both a maximu 
and a minimum value, the location of which depends n 
only on the intrinsic properties of the material but on gran 
dimensions and on the structure of the intergranular bou 
daries. There is also a dependence on the magnitude of t 
applied field and, in particular, on the magnitude of a sup 
posed steady field. Such a field can produce heating at tk 
boundaries. Theory predicts and experiments confirm th: 
this can cause the small-signal capacitance to assume negati\ 
values. Dielectric measurements over a wide frequency rang 
have been made on aggregates of commercial carborundut 
and heat-treated anthracite. The results suggest the possib 
existence of a second constituent in each material, and hav 
implications in relation to the ageing of microphonic contact 

Anyone who has made crude electrical connections kL 
twisting wires together would be interested in the demot 
stration that this process can be refined and mechanized t 
give very reliable wrapped or bound solderless conne 
tions (23). Hand and power-driven tools have been develope 
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|) do this, and series of tests have shown the suitability of 
jonnections of this type in telecommunications equipment. 

| A paper on electrical contact research in Japan (24) con- 
uned a description of results on arc-suppression and on 
jie reduction of contact resistance by electro-chemical 
eatment of contact electrode surfaces. Research on 
ntact materials includes investigations of Ag-—Ni and 
)|g-metallic oxides produced by the methods of powder 
jetallurgy. An account was also given of the effect of 
.| vironmental conditions on contact erosion, and of apparatus 
pr electrical measurement in contact research. 

.| The importance of alloy structure in metal transfer in 
_pntacts (25) was first realized in experiments with palladium— 
,ppper. The change of the structure of an alloy containing 
_|)% copper from the disordered to the ordered state resulted 
| a reduction in transfer due to the increase in thermal 
spnductivity brought about by the change. Similar effects 
‘lve been obtained by precipitation hardening of gold—cobalt 
jd gold-nickel alloys. The influence of thermal conduc- 
yity on the various possible modes of transfer was discussed. 
In the summing up of the symposium (26) reference was 
ade to the fact that this symposium was the second meeting 
* its kind to be held in this country on the subject of 
‘jectrical contacts. The first, organized by The Institution of 
jlectrical Engineers was held at Loughborough in 1952. 
‘rogress has been made, in the intervening nine years, in 
yndamental research, in the solution of special problems 
id in the improvement of manufacturing processes. Ideas 
1 the physical phenomena associated with the operation 
‘light duty contacts which were tentative then have become 
ore fully understood now. More comprehensive and more 
‘liable experimental results are now available as a result 
‘| improved techniques and also as a result of a firmer 
“yeoretical foundation which provides the basis for further 
‘vestigation. A great deal more is now known about the 
‘operties and behaviour of the metals that are of interest 
contacts. Some of the difficulties of the subject are due 
' the necessity of investigating the interaction between 
rious physical processes which cannot be considered in 
‘lation in the operation of an electrical contact. 


List of papers read at the symposium 


', The physics of electrical contact phenomena. 

F. Llewellyn Jones, University College of Swansea (this 
issue, p. 318). 

. Contact physics and the properties of metals at high 

temperatures. 
M. R. Hopkins, University College of Swansea. 

. Mechanisms of formation of oxide films on metals. 

O. Kubaschewski and B. E. Hopkins, National Physical 
Laboratory. 

.. An investigation of the friction and wear of carbon. 

J. W. Midgley, A. Strong and D. G. Teer, The English 
Electric Co. Ltd. 

. Thermal instability in electric contacts. 

F. P. Bowden and J. B. P. Williamson, The Cavendish 
Laboratory and Tube Investments Ltd. (see Proc. 
Roy. Soc., 26, 1). 

». The influence of electrode temperature on transfer of 
matter in spark-hardening. 

P. E. Watts, Associated Electrical Industries Ltd. 

. Investigation of metal transfer using radioactive isotopes. 

C. H. Jones, University College of Swansea (now at 
the Institute of Cancer Research, Royal Marsden 
Hospital). 


ELECTRICAL CONTACTS 


8. 


10. 


iil 


112, 


il 3}: 


15. 


16. 


7h. 


18. 


iI). 


20. 


A \. 


PI 


23. 


24. 


25: 


26. 


Electrical contact erosion: A theoretical study of pip and 
crater shape. 
J. Pullen, Electrical Research Association. 


. Closure of a metallic contact. 


A. Fairweather, D. G. M. Shirley and R. E. Fudge, 
Post Office Research Station, Dollis Hill. 
The cleanliness of precious metal surfaces. 
H. C. Angus, The International Nickel Co. (Mond) 
Ltd. 
Electrical properties of electrode surfaces and surface 
films in relation to electrical contacts. 
E. B. Pattinson, University College of Swansea. 
Influence of dust and surface films on the behaviour of 
electric contacts. 

J. B. P. Williamson and J. A. Greenwood, Tube 
Investments Ltd. (see Proc. Roy. Soc., 237, 560). 
Pick-up of plastic lubricants in dry transfer—lubrication 
and its significance for sliding electric contacts. 

A. Fairweather and D. G. M. Shirley, Post Office 
Research Station, Dollis Hill. 


. Electrodeposition of the precious metals. 


J. R. Knight, Engelhard Industries Ltd., F. H. Reid, 
The International Nickel Co. (Mond) Ltd., and 
J. E. Philpott, Johnson, Matthey and Co. Ltd. 

Practical aspects of light duty electrical contacts. 

J. C. Chaston, Johnson, Matthey and Co. Ltd. 

Finishes for electrical contacts. 

R. W. Beattie and J. J. Miles, Automatic Telephone 
and Electric Co. Ltd. 

Electroplated contacts—an evaluation. 

F. G. Swift and C. A. Abrahams, Standard Telephones 
and Cables Ltd. 

Electrical contacts in aircraft switchgear. 

J. G. Steel, Central Electricity Generating Board. 

Light duty contacts at elevated temperatures. 

W. Betteridge and H. C. Angus, The International 
Nickel Co. (Mond) Ltd. 

The selection of electrical contact materials for light duty 
applications. 

V. G. Mooradian, Engelhard Industries Inc., H.A. 
Division, New Jersey, U.S.A. 

Investigation into the electrical contact properties of 
granular carbon aggregates. 

E. D. Macklen, Standard Telecommunications Labora- 
tories Ltd. 

Some electrical properties of non-rectifying semi- 
conducting contacts: Behaviour of granular aggre- 
gates of carbon and silicon carbide. 

A. Fairweather and D. G. M. Shirley, Post Office 
Research Station, Dollis Hill. 

Reliability of bound connections. 

A. C. Delamare and R. T. Weeks, Standard Telephones 
and Cables Ltd. 

Present researches in electrical contacts as used in tele- 
communication in Japan. 

Goro Matsumoto. Tuhuko University, Sendai, Japan. 

The influence of alloy structure on the transfer of matter. 

W. Merl, Dr. E. Durrwachter-Doduco-K.G. Pforzheim, 
Germany. 
Summary and closing remarks. 
M. R. Hopkins, University College of Swansea. 


It is hoped that some five or six of these papers may be 
submitted for subsequent publication in this journal. 
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Abstract 


An outline is given of the nature of the fundamental 
physics processes occurring at an electrical contact and 
the problems to which they give rise, particularly in 
relation to light duty electrical contacts. The discussion 
includes contacts in which currents and potentials are of 
the order of amperes and volts, and also the so-called 
electrostatic contacts, in which one or other or both of 
these quantities may be extremely small. Recent work 
on microscopic molten metal bridges, micro-arcs (both of 
which are important in metal transfer) and the problems 
of ‘electrostatic’ contacts which mainly depend on surface 
properties, are described. Outstanding problems are 
discussed and the method by which they are being attacked 
are indicated. 


Introduction 


HE problems of contacts, as might be expected, arose 

first in acute form in electrical technology and are 

familiar to electrical engineers, but in recent years it 
has become clear that the complete elucidation of the contact 
operation involves fundamental considerations in many 
branches of physics. In the various operations required of 
a contact: making, maintaining and breaking a circuit and 
then repeating this sequence at specified intervals, the 
physical conditions vary widely. It is therefore convenient 
to divide all contacts into three broad classes: heavy duty 
power contacts, e.g. the switches, contactors and circuit 
breakers of power installations; light duty communication 
contacts, e.g. relays in telephone circuits, contact breakers in 
ignition systems, etc., and contacts used in electronic 
apparatus—so-called electrostatic contacts. The problems 
of heavy duty contacts are mainly those of the extinction of 
powerful electrical gas discharges. These problems are 
regarded as being outside the scope of this Symposium. 

In light duty contacts the main problem is that of metal 
transfer between the electrodes and its effects. A typical 
example of such effects is illustrated in Fig. 1 which shows 
the well-known pip and crater formation. 

In the so-called electrostatic contacts, the situation is 
dominated by the presence and properties of thin tarnish 
films which may lead to contact failure or at least to signal 
distortion. 

The wide range of the problems involved and the various 
methods of investigation are well illustrated in the scope of 
the papers in this Symposium. In this opening address, my 
purpose is to discuss briefly the fundamental principles 
involved in the physics of electrical contacts. 
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(b) Magnified picture of pair of contact electrodes from th 
above assembly showing pip and crater formation. 


Fig. 1. Result of excessive fine transfer at a vibrator make 
and-break contact. 
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Light duty contacts 


In a survey of this kind it is helpful to analyse the processes 
vhich take place in the complete operation of an actual 
ontact as they occur in chronological order. First, there is 
he approach of the contact electrodes as their separation 
‘ecomes extremely small, say 10~4cm. Secondly, there is 
he phase when contact is established and a steady current 
asses. This includes the heating of the contact and the 
ormation of the molten metal bridge between the electrodes 
s they begin to separate. Finally there is the breaking of 
ne contact, the arcing which accompanies it and the con- 
equent damage to the electrode surfaces. This method of 
onsidering the subject, though not the simplest, helps to 
ring out not only the problems themselves but their inter- 
elation. 


The pre-contact arc 


' When two plane cold inactive electrodes are at a distance 
/ apart in an atmosphere at pressure p, no breakdown and 
dus no discharge can occur if the potential difference V is 
ss than V,, the static breakdown potential given by the 
Jaschen curve. When V exceeds V,, under certain conditions, 
lischarge can occur. If circuit conditions permit an arc 
Wlollow-through’ also takes place. V, is a function of the 
‘roduct pd and of the nature of the gas. The initiation of 
igreakdown requires the presence of initiatory electrons at 


+me—the formative time lag—for ionization to develop. If 
ere are no initiatory electrons a discharge will not occur. 
ihe shape of the Paschen curve is well known; it has a well 
wiefined minimum V,, of about 250-300v. If V is less 


Fig. 2. Discharges at a contact. 


Top: discharges occurring before the contacts touch. 
Bottom: the arc discharge at break. 
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than V,, spark breakdown should not occur under the 
conditions specified above. (It is for this reason that the 
potential difference across contact breakers and contact 
makers is in general practice kept below this value.) Although 
this conclusion is consistent with experimental evidence at 
large distances (of the order of 1 cm) the situation is different 
in practice at very small gap distances. In fact, at small 
distances less than about 10~* cm, it is well known that a 
discharge can take place even with gap potential differences 
of 10 v to 50 v in gases as well as in vacuo. Work in the 
Bell Telephone Laboratories in the U.S.A. has drawn 
attention to the importance of this phenomenon in relation 
to contact erosion. Fig. 2 illustrates the occurrence of an 
arc at the making of a contact as well as the better-known 
arc at the breaking of a contact. 

It is not easy to see how such a discharge can be initiated 
with cold inactive electrodes, but it becomes explicable if 
the cathode is electrically active as an emitter of electrons 
though still cold. It has been established that this ‘cold 
emission’ requires electric fields no greater than 10° v/cm 
provided that the surface of the electrode is covered by a 
thin tarnish film. Positive ions located on the film can play 
an important part in this surface activity. A detailed des- 
cription and elucidation of this activity involves many aspects 
of surface physics as well as the physics of discharges. Thus 
thin films are of importance, not only in relation to the 
behaviour of electrostatic contacts, but also in the emission 
of electrons from contact electrode surfaces, which is a 
decisive factor in arc initiation. 


Contact and the bridge 


Proceeding now to the next stage of the contact operation, 
it is well known that due to the microscopic topography of 
the approaching surfaces, contact is first made over an 
increasing number of microscopically small areas. For a 
given circuit current, the current density at these small areas, 
though initially high, rapidly falls as the contact area 
increases until, when the contact between the electrode is 
fully made, negligible local heating is produced at the contact. 

Consider next the opening of the contact in which these 
phenomena occur in reverse. The total area of contact falls, 
and the current density rises, until pronounced local heating 
occurs at the last microscopic area of contact. The con- 
straining of the lines of flow of the current J in this way 
introduces a ‘constriction resistance’ R, which sets up a 
potential difference (=R,J) at the constriction. R, is of the 
order of p/2 a where p is the specific resistance of the contact 
material and a the radius of the constriction area, assumed 
circular. Measurements of R, show that a is of the order of 
10-4 cm yielding current densities of the order of 107 a/cm/?. 

Now, the relation between the bulk properties of the 
material and the observables, like contact potential difference 
V and the maximum temperature @,,,, has been the subject of 
much interest since the turn of the century. The relation 
between V, the maximum temperature 6,, and the room 
temperature 6) in a contact is given by the well-known 
equation which, on certain simplifying assumptions, can be 
expressed in its simplest form as 


6.7 — 0,7 = V2/AL, 
where L is the Lorenz constant (=2:45 x 10-8 w ohm deg~?). 
Thus taking 0) as about 300° k, and V = 1:5 v, 6,, = 4600° k, 
which is above the boiling point of platinum. Thus a com- 


paratively small potential difference across a contact can 
produce boiling of any metal. Because this result is basic 
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to the understanding of the temperature—voltage dependence 
in a contact assembly, this important relationship between 
potential difference and temperature has been put in its most 
general form (the (7s, @) relation), removing the simplifying 
assumption, and it is important to realize that the (x, Q) 
relation is independent of the geometry of the system, and 
that thermoelectric effects are also taken into account. It 
can be shown that heat lost by radiation from the surface of 
the contact bridge is negligible compared with the heat 
conducted through it, so that in the conducting system 
isothermal and equipotential surfaces coincide and the steady 
state relation then applies. If o is the generalized potential 
defined by 


j = — « grad # 


where j is the current density and « the electrical conductivity, 
then 


ede ease) 


ous Ql” Aa) 


A being the thermal conductivity, 6 the temperature where 
the potential is w, 6, the maximum temperature and pz a 
small term due to the Thomson effect. This relation is 
independent of the geometrical configuration of the system. 

If S, and S, are two isothermal surfaces at temperature 4p, 
one on either side of the bridge and comparatively remote 
from it, then the difference between the w’s at these surfaces 
is the same as the difference between the ordinary electric 
potentials there. If V is this potential difference (i.e. the 
potential difference across the contact) then 


where 


1V = FO, 0) = (2 fe *06) 


or V2=8 
6 


It is clear that this reduces to the simpler form given above 
in the particular case when the Weidemann—Franz law holds. 
The maximum temperature in a bridge of a given metal is a 
function of the potential difference across the contact. As 
V is increased 6,,, is increased. Thus, as the electrodes of the 
contact are further withdrawn R, increases, so that V 
increases and the maximum temperature in the bridge rises; 
the rise of temperature increases R, further. Thus, the 
maximum temperatures can reach the melting point, and the 
mainly cold electrodes are thus joined by a microscopic 
globule of metal which forms a current carrying bridge 
between the two electrodes. 

Metals of high melting points can thus form bridges which 
glow brightly, and this has been established experimentally. 
As the electrodes are separated further the bridge is drawn 
out, and its resistance consequently increased. The V is 
thus increased and 6,,, consequently rises, eventually approach- 
ing the boiling point. 


Stability and shapes of bridges 


The microscopic molten metal bridge has been the subject 
of much attention and investigation on the part of physicists 
in recent years, for it is generally recognized to play an 
important part in subsequent phenomena during the com- 
plete opening of a contact. Perhaps it may be emphasized, 
at this point, that in normal practice the scale of these 


BRITISH JOURNAL OF APPLIED PHYSICS 


320 


| 
| 
phenomena is very small. With a stable bridge the i 
between the contact surfaces is usually about 10-4 cm, 4 
the volume of the bridge is of the order of 10~!° cm. 

The shape of a molten bridge is determined by surf? 
tension considerations and the surface may be either 
nodoid, an unduloid or a catenoid. These are the well-kno 
surfaces of revolution whose profiles are the curves trae 
out by the focus of a hyperbola, an ellipse and a parabe 
respectively, rolling on a line. In the case of a nodoid, | 
pressure in the liquid is less than the external atmosphe 
pressure, in the case of an unduloid (of which the cylins 
is a special case), greater. The catenoid is the intermedi 
case in which the internal and external pressures are equ 
These are the shapes that would be expected if the surfi 
tension were uniform. Since surface tension varies w 
temperature, the equilibrium shape of a molten metal bri¢ 
must depend, in the case of a clean metal, on the visc¢ 
forces called into play by internal circulatory moti¢ 
Where there is a contaminating surface film, the beginn: 
of the circulatory motion will redistribute the thickness; 
the film so as to produce uniform surface tension in spite: 
the variation of temperature. | 

The four photographs of Fig. 3 show the development; 
a molten quasi-static iron bridge.* These magnified pictu 
are those of a bridge which is much larger than those usua 
encountered in practice in contacts. The shapes conform: 
those which are predicted theoretically. | 

For the circuit to open, the molten metal bridge mj 
break, and the way in which it does this determines so} 
of the subsequent events. Considering, for example, a brid 
formed equally from the metal of both electrodes, 4 
asymmetry in rupture would provide a possible cause 
metal transfer from one electrode to the other. Consequent 
temperature asymmetry in the bridge has been, and still! 
the subject of much investigation. In fact, the shift 5 of 
hottest section of a bridge from the position of symmetry 
to the Thomson effect is given by 


; J eat 
ane [ina 


2R is the ‘reduced resistance’ of the system, A the cr 
sectional area of the wire near the section S which divi 
the reduced resistance into two halves and F and G 
functions defined by 


y=F-—G on the right of S 
% = —F—G on the left of S, 


ys being the generalized potential. 
Thomson coefficient. 

Electronic effects due to the presence of thin insulati 
films have also been considered and examined experimenta. 
as possible causes of metal transfer in contacts. 

Again, when temperature asymmetry is important, t 
amount of metal transfer should clearly depend on the sha 
of the bridge before rupture, and the physical reasons for t 
ultimate shape which the bridge takes on when about 
break is therefore also a subject of study. 

Theoretical considerations on these lines indicate that t 
bridge actually visible between the electrodes may well 


G is a function of 


_ * In the lecture at the Symposium a ciné film was shown, pat 
in black and white, partly in colour, illustrating the sequence 


shapes assumed by such a bridge at various stages of its develc 
ment. | 
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only a part, in some cases a small part, of the complete 
bridge, the great part of which is inside the electrodes and 
invisible. This is one of the main reasons why, for many 
years, attempts to relate the amount of metal transferred in 
one operation to the supposed volume of the bridge met with 
little success. Firstly, the methods of measurement— 
gravimetric or optical—were inaccurate, and, secondly, the 
volume taken for the bridge itself was wrong. 

Since the amount of metal transferred must depend on the 
ultimate size of the bridge as well as on its shape; the question 
of stability and of how the bridge breaks is of some 
importance. 

Among numerous processes which can lead to instability 
might be mentioned the rather obvious ones of actual boiling 
when 6,, attains the boiling point, the variation of thermal 
and electrical properties with temperature (the (i, 9) relation 
shows how maximum temperature depends on bulk pro- 
perties and voltage), electrodynamic forces ‘pinching’ the 
bridges, and surface tension forces. 

Among the rather less obvious causes may be cited internal 
circulatory motions produced by viscous forces in the bridge, 
and elementary circuit relationships depending on the e.m.f. 
in the circuit. 

In any case whatever the actual cause, or combinations of 
causes, the temperature of the bridge will suddenly rise and 
boiling will result. 

In fact, careful measurements have shown that the rupture 
temperature is very near the boiling point and that in those 
cases examined in detail, actual boiling has occurred. 


Break 


The phenomena which occur immediately the bridge 
breaks—or blows up as it appears to do—is a matter of 
great importance in contact physics. It is practically at this 
instant that the metal transfer takes place, but the amount 
transferred in a single operation is exceedingly small, being 
10-1! or 10-!%cm3. Accurate measurement of such rates 
of transfer by optical or gravimetric methods has proved 
very difficult if not impossible, but application of radio- 
tracer techniques in recent years has proved very encouraging, 
and reliable estimates of the amount and directions of metal 
transfer and its relation to the bridge can now be made. 
This method is about 1000 times more sensitive than the 
previous gravimetric methods, and has enabled the actual 
migration of the electrode material to be identified. As this 
work proceeds it is confidently expected to provide valuable 
information about the role which the bridge really plays, 
and possibly also help to elucidate the interesting processes 
occurring just after the bridge blows up. 

Indeed, data so far obtained by this method at Swansea, 
in which the dependence of transfer on local inductance and 
the destiny of the matter from the exploded bridge were 
examined, are consistent with the setting-up of a micro-arc 
when the bridge explodes, and that migration occurs by 
ionic drift in the high pressure plasma formed. This brings 
us from considerations of the metal physics of the bridge 
back to fundamental considerations of plasma physics. 


Post-break arcing 


All this, however, is still not the end of the complete contact 
operation. 
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Consideration of the state of affairs immediately the bri} 
breaks shows that the fundamental conditions for | 
initiation and maintenance of an arc discharge are si 
taneously satisfied. These are thermionic electron emis 
from the cathode because of the high local temperature, | 
presence of a gas atmosphere of high density and low ioni 
tion potential (metal vapour), and occurrence of a 
potential difference between the electrodes; an indu; 
e.m.f. set up in the presence of self-inductance determi 
the magnitude and sign of the e.m.f. when the current fi 
at ‘break’. 

This latter point is very important because as soon as t 
is recognized the dependence of metal transfer on the | 
small inductance of the circuit (down to 10~8 w) becomes: 
important matter of enquiry. 

Many other problems on the arc naturally follow. 
pressure-gap voltage relationships are particularly signific 
as they can influence the net transfer—whether it is due: 
ionic or electronic bombardment of the electrodes, 
instance. 


Electrostatic contacts: thin films 


Finally, we come to electrostatic contacts in which the r’ 
of thin surface film is of paramount importance. 

When the contact potential difference is as low as mic} 
volt and the current as low as microampere, the we 
so far discussed do not occur. 

Except when the electrodes have been specially clea 
and maintained in a vacuum or in a pure rare gas, 
electrodes of a contact in ordinary engineering use 
exposed to the deleterious effects of corrosive or tarnish 
atmospheres. Contamination may consist of surface fil 
produced by adsorption, tarnishing or erosion, as well 
the presence of oil, grease or dust particles. Films of oxi 
carbonates or sulphates are likely to form in indust 
districts. 

When the contact voltage is low, the heat produced 
very small currents is too small to decompose or drive off s 
films; further, in these applications, the electric field set 
across them may be insufficient to break them down. S 
films are not only bad conductors or good insulators, t 
are often semiconductors, so that when the signals themsel 
are not actually interrupted, they may well be distort 
Considerable investigation of corroded contacts and 
mechanical properties of their surface films have been ma 
at the Research Laboratories of the British Post Offi 
where the part played by these films in sliding contacts, 
particularly the influence of PTFE as a lubricant in s 
contacts have been studied. y 

Lastly, another important contact problem arises in relati 
to carbon brushes and the mechanism of abnormal we 
Interesting work in this field has been proceeding in ¢ 
Research Laboratories of General Electric at Schenectac 
U.S.A. 


Conclusion 


In conclusion, I would say that I have tried to survey t 
whole vast field of the fundamental physics of electri: 
contacts, to point out some outstanding problems and 
indicate how these are being tackled today. 
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ydrodynamic research 


Abstract 


\ brief survey is given of some hydrodynamic research 
“roblems of particular interest to naval and marine 
\tpplications. A description is given of model ship towing 
\anks and their use in studying resistance and propulsion 
roblems of ships. The use of special sea-keeping and 
raneuvring basins from model ship studies of sea-keeping 
nd maneuvring characteristics is mentioned. Another 
|ppic is the study of ship propulsion research and a 
escription is given of cavitation tunnels and their use in 
_\his connection. 

| Some detail is given of the particular sphere of under- 
yater hydrodynamic research and the special facilities 
|nd instrumentation which have been developed at the 
‘\tdmiralty Research Laboratory for research into this 
‘wecialized field including the use of slotted wall working 


The unusual hydrodynamic research problems associated 
1th the entry of missiles from the air into the water are 
riefly surveyed as are those of two-phase flows in gas 
‘Vquid mixtures. 

_ The discourse concludes with a brief mention of possible 
igh performance vessels of the future including hydrofoil 
raft, hovercraft and underwater cargo vessels. 


Introduction 


scope of the discourse is limited to aspects of hydro- 
dynamic research of particular interest to naval and 
jaarine applications. Most emphasis is given to experi- 
jnental hydrodynamics research techniques and facilities. 
_As in many cases full-scale experimentation is slow and 
lostly and can rarely be carried out under controlled con- 
jitions, most of the experimental work is done using models 
{1 installations designed especially for hydrodynamic research 
4nd often costly and of large size. The technique of scaling 
|p from models to full scale is well established although there 
re many scaling problems not yet fully understood. 


Hence: research is a very broad field, so the 


Resistance 


'In surface ships of displacement type, the hull resistance 
onsists of two predominant components, (i) skin friction 
nd (ii) wave resistance. Unfortunately, the two are 
joverned by different laws, the one corresponding to 
lteynolds number and the other to Froude number, which 
yakes it in most cases virtually impossible to simulate full- 
cale conditions correctly in model experiments. 
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The standard procedure used for measuring the resistance 
of model ship hulls is to satisfy the dynamic law, producing 
the proper wave pattern and to correct the skin frictional 
component on a basis of Reynolds number. 

In larger displacement vessels skin friction along hull 
predominates, for example in transatlantic liners friction 
drag is about 75% of the total, whereas in a small high-speed 
motor boat wave drag predominates. 


Wave resistance 


Corresponding to the pressure increase which occurs at 
the bow of a hull, the water level rises in the vicinity of the 
stem. On the other hand at the sides of the hull, particularly 
in the vicinity of the shoulders, the static pressure is decreased. 
Hence a wave system from a ship’s hull originates from a 
crest at the bow and a similar but somewhat weaker system 
originating from a trough at the stern. The dissipation of 
energy in this wave-making results in a resistance to the ship’s 
motion. As far as the hull is concerned wave drag appears 
in the form of a net longitudinal component of the pressure 
distribution along the hull. 

The theory of the drag due to wave-making has been 
developed by many scientists, notably in this country by 
Professor Havelock. It has been demonstrated that on the 
average the transverse and the divergent part of a wave 
system each roughly contributes half of the wave drag. The 
transverse waves, however, determine the interference 
between the bow and stern systems. Depending on whether 
these two systems are in phase or not they can add to each 
other or they may partially cancel each other. As a con- 
sequence, the drag coefficient of a displacement craft shows 
‘humps’ and ‘hollows’ as a function of speed. 


Model ship towing tanks 


Since the theory of wave resistance is complex its magnitude 
is customarily derived from model tests in towing tanks. 
Alterations in hull shape may be considered in terms of 
wave-making length. By appropriate design it is possible to 
make the crusing speed of a ship coincide with a hollow in 
the wavemaking resistance curve rather than a hump. 

There are now a large number of ship towing tanks around 
the world for studying resistance and also propulsion prob- 
lems of ships. The earliest one was William Froude’s 
original Admiralty Experiment Works at Torquay where 
experiments in the study of ship resistance were conducted 
from 1871-1885. The original tank was then replaced by 
a longer tank, the No. 1 Ship Tank at the Admiralty Experi- 
ment Works, Haslar, which has been in continuous use since 
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it was completed in 1887. It is 400 ft long, 20 ft wide with 
a maximum depth of 9 ft. This tank was supplemented in 
1932 by the No. 2 Ship Tank, which is 890 ft long, 40 ft 
wide and 18 ft deep. 

As in most ship tanks the model is carried below a special 
towing carriage which spans the tank and is driven by four 
electric motors, one at each corner, along locomotive type 
rails set most accurately on the walls on either side of the 
tank. This carriage has a designed maximum speed of 40 ft/s 
and can maintain uniformity of set carriage speed to within 


1o/ 
4 /o° 


A feature of these towing tanks is the necessity for rapid 
acceleration and braking so as to provide the maximum 
length run at steady speed. 

One of the most recent large towing tanks is that built for 
the Department of Scientific and Industrial Research in the 
new Ship Hydrodynamics Laboratory at Feltham. 

The towing carriage for this tank which is some 
50 ft x 50 ft in plan, is built of tubular steel members and 
weighs about 40 tons. It is driven by four 300 h.p. motors, 
one at each corner, at speeds of up to 50 ft/s. 

The ship models in these tanks are connected to the towing 
carriage via a special balance system on which the forces on 
the model can be measured. In most of these dynamometers, 
the major portion of the forces being measured are balanced 
by weights and the residue only is measured by spring balance. 

To obtain the best shape of hull lines and the best shape 
and position of the appendages, towing tests are first made 
with the bare hull and its resistance characteristics measured 
Over a speed range, the model is then tested with the 
appendages added and finally with the propellers fitted in a 
self-propelled version. 


Sea-keeping 


The standard towing tank tests refer only to calm water 
conditions, whereas in real life, unfortunately, the sea is 
rarely completely calm and we are interested in the behaviour 
of ships in a seaway. Consequently, some of the towing 
basins are fitted with wave-making facilities. These tests in 
waves are an essential part of research into seaworthiness, as 
the shape which produces the lowest resistance characteristics 
in calm water is by no means necessarily the optimum form 
from seaworthiness considerations. 

The wave-makers fitted to towing tanks are limited to 
simple wave systems which travel down the length of the 
tank and therefore strike the model exactly on either the 
bow or the stern, which is a rather idealized condition 
compared to what happens in the complicated wave patterns 
which occur at sea. The wave-maker in the No. 2 Ship 
Tank at Haslar is typical and can generate waves of up to a 
wavelength of 40 ft and a height of 2 ft, thus reproducing 
on a model scale the full range of ocean waves. 

As the importance of ship behaviour in rough seas is now 
more fully appreciated there is an increasing emphasis in 
research on the sea-going qualities of ships. New experi- 
mental facilities have been and are being built, and there 
have been notable advances in ship motion theory and an 
increasing amount of full-scale work is being done. It is 
certain that as in many other fluid dynamic research fields 
experimental work on models is most valuable when it is 
supplemented by both theoretical and full-scale studies. 

Amongst the new facilities in the world for sea-keeping 
research there are several capable of oblique wave tests. 
Most of these facilities take the form of square or rectangular 
basins fitted with wave-makers on two adjacent sides enabling 
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oblique and confused seas to be generated. A particu} 
fine facility in the form of a 200 ft x 400 ft basin fitted | 
plunger type wave-makers on two sides will shortly be inj 
operation at Haslar. | 

A most unusual and versatile sea-keeping laboratory is | 
of the Netherlands Ship Model Basin at Wageningen. 
basin is 100 metres long and 244 metres wide and 24 m¢ 
deep and is fitted with pneumatic wave-makers along | 
side and the end, with wave absorbers in the opposite si 
These pneumatic wave-makers are electrically programme, 
produce irregular wave patterns. The model is held wit 
minimum restraint below a towing carriage which travels 
a pair of rails mounted on pillars set in the centre of the te 


Maneuvring 


In the past the design and development of surface 
has been basically concerned with improvements aime 
obtaining low drag forms. The problems of manceuvrabi 
and controlability until the last decade were never consid 
as major design criteria. 

A technique being used to obtain full-scale data on 
handling is the measurement of data obtained during s 
and zigzag manceuvres. The tools and techniques for 
determination of spiral and zigzag manceuvres from mca 
studies are at present in existence. Free running self-propel 
models equipped with the appropriate instrumentation | 
run in manceuyring basins either under radio control 
programmed control. A typical facility is the 100 ft sq 
sea-keeping and manceuvring tank at Ship Hydrodynam 
Laboratory, Feltham. The data is either recorded in 
model or ashore and the course of the model plotted eit 
by analysis of photographs or in the case of the Ship Hy 
dynamics Laboratory tank a special tracking system is be 
devised which will enable the course to be plotted automa 
ally, thus saving a great deal of analysis. 

Detailed studies of the hydrodynamic factors from wh 
many forms of trajectories can be calculated can only 
undertaken by captive model studies in curvilinear moti 
A facility used for this type of work is the rotating arm ba 
of which there are now quite a number in the world. 


Propulsion 


The objective of propulsion research for ship design is 
obtain the best shape of hull and layout of appendages p! 
the optimum design of propeller, both for maximum f 
speed and for maximum economy at the design cruisi 
speed. These two requirements may well conflict and 
compromise has to be reached. 

In research studies to investigate propulsion by means 
models, three principal types of test are used. 

(i) Open water test carried out in a model basin with t 
model screw propeller ahead of a special test rig a: 
dynamometer. 

(ii) Self-propulsion tests with a model in a ship tar 
carried out in Britain by the constant speed method, in whi 
experiments are made which cover a whole range of propel 
loadings at several set speeds. 

(iii) Tests of model propellers in a cavitation tunnel f 
determining the occurrence of cavitation and the behavio 
of the propeller under cavitating conditions. 

Cavitation is a dynamic process in which cavities fill 
with vapour are formed in the fluid in regions where t 
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| ocal pressure falls to that of the vapour pressure of the 
uid. On ship propellers cavitation makes a noise, may 
‘ause erosion and also may set up vibration, so every effort 
|g made to minimize it. 

| The experimental facility used for research into propeller 
|lesign and its cavitation performance is the cavitation tunnel. 
| All water or cavitation tunnels consist essentially of: 

‘| @) a working section in which the model is mounted and 
‘an be observed; 

,| Gi) a closed water circuit consisting essentially of a high 
japacity pump and piping by means of which the flow of 
‘jvater through the working section is maintained; 

(iii) a control system which enables the water velocity and 
ressure in the working section to be regulated over a wide 
ange of operating conditions; 

(iv) a system of instrumentation enabling the relative 
arameters to be measured, in any given experiment; and 

(v) in a propeller cavitation tunnel, a separate electric 
‘jotor and drive to the propeller being tested in the working 
‘lection fitted with dynamometer equipment enabling thrust 
“nd torque to be measured. 

The latest tunnel of this type built in this country is the 
‘ew 44in. diameter cavitation tunnel which is part of the 
‘ew research facilities at Ship Hydrodynamics Laboratory, 
‘eltham. In this tunnel propellers of up to 24 in. diameter 
“lan be tested and are driven by a 300 h.p. motor. The 
“rressure in the test section can be varied from near zero to 
‘(x atmospheres absolute. 
| The normal experimental procedure is to vary the propeller 


Cavitation 


\/ The theory of cavitation erosion is complex and there are 
\laeories of mechanical, mechanochemical, electrochemical 
ad thermoelectrical damaging due to cavitation. One of 
’e most tenable theories of purely mechanical damaging is 
iat the explosion of cavitation bubbles cause fatigue and 
‘sultant damage of the surface. Once mechanical damage 
as taken place corrosion may ensue. 


Non-uniform wake 


jion-uniform flow as they are working in the boundary layer 
* the ship’s hull and in the wakes of any appendages. This 


the propeller tunnel. The No. 2 tunnel at Haslar is large 
1ough for the propeller to be tested behind the appropriate 
ortion of hull of the ship mounted up-stream of the pro- 
Another technique is the use of wire meshes up- 


yn-uniform wake. 
| Another interesting approach is that used by the No. 2 


iis tunnel has a special flow regulator fitted in the con- 
4action ahead of the working section. This divides the 
fhole velocity field into a number of separate elements, the 
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flow through each being adjusted by a needle valve. In 
such a regulator only the axial components can be varied but 
these are probably the most significant. 

Research is also being carried out into alternative systems 
of propulsion to standard propellers; these include Voith— 
Schneider propellers; and also into various forms of jet 
propulsion somewhat analogous to gas turbine propulsion 
in air. 


Underwater hydrodynamics 


A different sphere of hydrodynamics is that concerned 
with the study of the characteristics of bodies which travel 
under the water. This research is directed towards the better 
understanding of the science and the resulting improved 
performance for future underwater vehicles whether they be 
weapons or submarines, and is the particular branch of the 
science which is the concern of the Fluid Dynamics division 
of the Admiralty Research Laboratory. Underwater hydro- 
dynamics research bears a close resemblance to the sister 
field of aerodynamic research. In fact some of the earlier 
work on drag reduction and stability and control of airship 
forms which took place in the 1920’s is extremely relevant. 

To carry out experimental work in this field suitable 
experimental equipment has to be provided and at the 
Admiralty Research Laboratory an impressive and unique 
set of facilities exist for doing this work. The main equip- 
ment comprises a large rotating beam channel and two water 
tunnels, in addition there is a glass-sided tank used for 
investigations of the problems of the entry of missiles from 
air into the water. 

In the aeronautical research world an essential tool is the 
wind tunnel and the two Admiralty Research Laboratory 
water tunnels are in fact very similar to wind tunnels in their 
concept and differ somewhat in layout from the ship propeller 
cavitation tunnels referred to earlier. 

The smaller of the two tunnels has a 12 in. diameter work- 
ing section and is very versatile in that it can be fitted with 
three alternative working sections: 

(i) a conventional closed jet 3 diameters long, (ii) an open 
jet 14 diameters long, and (iii) a slotted wall working section 
6 diameters long. 

The water speed in this tunnel can be continuously varied 
up to some 90 ft/s and the pressure in the working section 
varied between near zero and 3 atmospheres absolute. 


Slotted wall working section 


A most important part of this research is naturally con- 
cerned with powered underwater bodies and this imposes 
quite a problem in the design of the facilities. The smallest 
possible size one can make a satisfactory powered model of 
a torpedo, say, with representative scale propellers, is about 
8 in. in diameter. In the conventional closed jet section one 
cannot normally test models more than ~ of the diameter 
owing to excessive blockage corrections, which would mean 
a working section of at least 48 in. diameter. In addition 
most of the work is on quite long bodies and in a conventional 
closed jet the build up of the boundary layer on the tunnel 
walls results in a continuous change of static pressure down 
the length of the working section. 

To overcome this impasse the concept of a slotted wall 
working section was developed (see Fig. 1). The slotted wall 
tunnel is well known as a tool for studying transonic flow. 
The tunnel choking and interference effects associated with 
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a closed tunnel severely restrict the size of model which can 
be tested at transonic speeds; on the other hand, open jet 
tunnels are unsteady, the jet length limited and it tends to 
break up. The slotted wall working section is a compromise, 
the solid part of the boundary steadying the flow and the 
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Fig. 1. Slotted wall working section for water tunnel. 


open part of the boundary preventing choking and reducing 
interference effects. These advantages are still valid at 
subsonic speeds. 

By development of these principles it has been possible to 
develop a slotted wall working section for water tunnels 
enabling models of up to 4+ of the jet diameter to be tested. 
In addition there is constant static pressure down the length 
of the working section. 


30 in. water tunnel 


The larger 30in. diameter water tunnel (Fig. 2) was 
designed from the outset around a slotted wall working 


SLOTTED WALL 
WORKING SECTION 


Fig. 2. General view of Admiralty Research Laboratory 
30 in. water tunnel. 


section to permit the testing of powered torpedo-like bo 
of up to at least 10in. in diameter and up to 10 ft | 
This tunnel is also fitted with a ‘resorber’ which consist 
this case of four vertical passes in a 60 ft deep pit. 

principle of the ‘resorber’ is very simple. In any water tu 
when cavitating conditions are reached in the working sectil 
vapour bubbles are formed and it has been found that tl 
can be re-absorbed into the tunnel water as the pressure 
the circuit is raised and the tunnel is kept running at 
high pressure for a few minutes. The ‘resorber’ does t 
in effect automatically. | 


Rotating beam channel 


Problems such as drag reduction, measurement of | 
forces and turning moments, and the effect of depth | 
underwater bodies, are all best studied in a water tunj 
where the model is stationary and the water flows past. 
The water pressure on the model can also be varied ove# 
wide range. Other vital problems, such as the study of 1 
stability and control characteristics, and the investigation} 
underwater bodies travelling at speeds of the order of I 
knots are best studied in a rotating beam channel. 

The 122 ft span rotating beam channel at the Admira) 
Research Laboratory (Fig. 3) was specifically designed i 


Fig. 3. The Admiralty Research Laboratory 122 ft span 
rotating beam channel. 


this class of work. The 60 ton beam spins over a ring chanr 
of rectangular cross section 34 ft wide and 15 ft deep. Mod 
up to 20 ft long may be tested in this channel and are norma 
run at Sft deep. In stability and control problems one. 
concerned with the motion on curved paths as well as straig 
ones, and hence the need to measure the forces on mode 
under these conditions. Models can be run at varying rad 
between 45 ft and 55 ft and the maximum speed of a moc 
is 100 knots. In some studies of high-speed underwat 
bodies the circular path followed by the model is a nuisan 
and to avoid having yaw on the model in these cases it 
necessary to curve the model to the running radius. TI 
channel is also fitted with anti-swirl baffles and wave dampi 
beaches which can be seen in the photograph. | 

So that the models may be observed under test, lar: 
underwater windows are provided at one section of tI 
circuit in both the inner and outer walls of the channe 
The million gallons of water in the channel are special! 
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‘tered and treated to enable high-speed photographs to be 
{ken of the cavitation phenomena which can be observed 
‘isually. 


Instrumentation 


|The models used both in the channel and in the 30 in. 
jater tunnel are in many cases self-powered and conveniently, 
‘yr much of the work, the same 10 in. diameter model can 
» used either in the channel or the water tunnel. The 
jodels used are always fitted internally with any necessary 
strumentation, for example a five-component balance 
easuring drag, lift, pitching couple, side force and yawing 
uple, pressures gauges to give pressure distribution around 
‘|e body and in the case of a powered model, measurements 
\| torque and thrust on the propeller shafts. The necessity 
tyr compactness and for electrical signal transmission in the 
Ise of the rotating beam led to the choice of resistance strain 
thuges as the basic measuring element, used in an azc. 
{j heatstone bridge circuit with self-balancing potentiometers. 
In addition a non-mechanical technique has recently been 
‘|:veloped at the Admiralty Research Laboratory for con- 
yuously cleaning hot wire probes used for measuring 
jrbulence in water. A d.c. cleaning current is passed through 
ije water from the hot wire probe to a suitably placed 
ectrode. The bubbles of gas which are then liberated at 
e surface of the hot wire are effective in removing particles 
Hf dust which adhere to the wire. 


Water entry research 


ajA major research problem with the many underwater 
@eapons which start in the air and then have to travel under 
Mater is concerned with their water entry characteristics. To 
Wyidy these problems there is a very large glass-sided tank at 
He Admiralty Hydroballistics Research Establishment at 
Mien Fruin. This main tank is 150 ft long, 30 ft wide and 
5) ft deep and the whole of one side is fitted with toughened 
Yass panels enabling the water entry behaviour of the 


Ynaller tank 29 ft long, 9 ft deep and 5 ft wide at Teddington. 
ith of these tanks are fitted with slotted cylinder catapults 
“r firing the models into the tanks. 

wThese catapults have the advantage over a smooth bore 
“nin that they allow models to be fired with pitch and 
w to the line of the actual water entry shot. These con- 
tions are those that tend to occur when missiles are released 
ym aircraft. 

The Glen Fruin catapult can fire models of up to 8 in. 


jngton models of up to 4in. diameter at entry speeds of 
The model entry speed is scaled by the dynamic 
ify, i.e. Froude number, so the model entry speeds of 
dindard scale models at the two establishments, 5 in. and 
n. diameter respectively, both correspond to 1000 ft/s full 


(On the smaller models mirrors are mounted on the tail 
wid an optical system is used to measure the angular orienta- 
on of the model whilst in flight. The larger diameter models 


\Most of the required data in water entry studies is recorded 
fotographically using high-speed cine cameras. A typical 


ibsequent analysis of these photographic records presents 
iformidable problem. To overcome this analysis bottle- 
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neck a special film evaluator has been developed in which 
frame by frame the data on the film is punched out on 
standard five-hole teleprinter tape. This tape is then fed 
into a digital computer and the necessary computations are 


Fig. 4. A typical water entry photograph. 


performed. The final data can either be printed out in a 
tabular form on a teleprinter or alternatively can be plotted 
in a graphical form on a plotting table. 


Gas—water mixtures 


An interesting item of fluid dynamic research pursued at 
the Admiralty Research Laboratory has been a theoretical 
and experimental investigation of the properties of gas—liquid 
mixtures. This piece of fundamental research was started 
because gas-liquid mixtures were expected to have interesting 
properties and possible applications in a number of fields, 
notably to drag reduction, underwater propulsion and shock 
attenuation. 

The first stage was purely experimental. A special tunnel 
for the production of gas-liquid mixtures was produced. 
Measurements have been made of the pressure loss due to 
friction in pipe flow of a mixture and also of the speed of 
propogation of weak compression waves through the mixture. 

A theory of the propogation of plane shock waves through 
such mixtures has been developed and the theoretical results 
confirmed experimentally using a gas-liquid mixture shock 
tube. In this arrangement mixtures of good quality can be 
produced by bubbling air through glycerol in a vertical tube. 
Shocks can be propogated into the mixture by bursting a 
diaphram which closes the end of the tube. The passage of 
the shock wave is detected using a light source and a photo- 
electric cell. 


Possible future developments 


The two main components of surface ship resistance are 
wave-making resistance and skin friction resistance. If 
higher ship speeds are required something must be done to 
minimize the drag penalty. One possibility and the earliest 
considered historically is to raise the hull above the surface 
by using dynamic lift and this leads to the hydrofoil craft 
which has been under sporadic development since the 
beginning of the century. 

In comparison with conventional fast boats, hydrofoil 
craft have much less resistance at high speed and the retarding 
effect of waves is greatly reduced as long as they are less 
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than the design height and sea craft should be able to operate 
in much worse sea conditions than conventional craft of the 
same size. 

A second possibility is to go under the water; when a 
submarine runs far below the surface, surface wave-making 
resistance is virtually eliminated, and the remaining resistance 
is caused almost entirely by skin friction. By making a 
submarine short and fat, fineness ratio round about 7, the 
ratio of surface area to volume can be minimized. Even so, 
the wetted area is greater than that of an equivalent surface 
ship. This means at lower speeds the resistance is higher 
than a surface ship but at higher speeds the added skin 
friction is more than compensated by the reduction of wave- 
making resistance. Another great advantage of going under 
the surface is avoidance of the penalties suffered by the ship 
when it has to operate in rough weather. 

It has been suggested that these advantages might be 
exploited in a submarine cargo ship or tanker. 

The circular section submarine is best hydrodynamically 
and can show an advantage in horsepower required at speeds 
of say 24 knots but it would have a very large draught 
and it might be necessary to have an elliptical cross section 
to restrict draught to that of the surface ship, in which case 
the submarine would be at a disadvantage compared with 
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the surface tanker in power required, owing to the an 
increased wetted area. 

A recent development has been the concept of the grc 
effect machine or Hovercraft. This sprung from the ide 
greatly reducing skin friction resistance by supporting 
craft on a cushion of air. The principle of lift used by 
hovercraft is the generation of an air cushion under the « 
at a higher pressure than ambient, which is retained bety 
the hull bottom and the sea surface by a peripheral 
curtain. This principle is potentially of particular int: 
in the speed range 60-100 knots. There are, howe 
difficulties in operating over oceans with large waves o7 
to the limited clearance of the craft over the sea. Neve! 
less, there are potential fields of applications particularly} 
sheltered waters. | 

Concluding remarks | 


It has only been possible to cover superficially a ra 
limited part of hydrodynamic research generally, but 
attempt has been made to give some idea of the experime 
problems and the research techniques used in this branc 
science. It is a very fascinating subject and attractive exi 
mentally. After all, most people like playing with water 
this is doing it on a grand scale. 
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Physics of the ocean 


| Abstract 


‘| hundred years ago better navigational instruments, 
wroved charts and the compilation of wind and current 
lases brought much improvement to navigation. In com- 
wison the advances made by modern instruments and 
seoretical methods are second-order steps, but they are 
st as exciting, and with the increased pressure of to-day’s 
wyvilization and industry, probably more important. In 
Ueiieular we are beginning to get a better understanding 
waves, currents and the general circulation in the 
wheans, which will allow us to make better use of the 
‘eans, and to contend with them on more equal terms 
hen necessary. 


time for the science of the sea. After the war with 

France our sea trade doubled every fifteen years. 
avigators had more efficient instruments, better astronomical 
bles, sounder nautical directions and better charts. Admiral 
nyth, who used the post-war years to survey the Mediter- 
nean Sea and soon became Vice-President of the Royal 
yciety, President of the Royal Astronomical Society and 
‘esident of the Royal Geographical Society, said in 1852 
[he various branches of available science have been so 
zadily advancing among seamen of all nations that besides 
higher practice of navigation they possess a more accurate 
formation respecting the phenomena of winds and currents 
an heretofore.’’ It was a remarkable all-round effort. 
aptain James Rennell, Surveyor to the East India Company, 
id made a very detailed study of the currents of the Atlantic 
cean, and Lieutenant Maury of the U.S. Navy, with a 
s0d deal of encouragement from this country, persuaded 
s Government to call the first International Maritime 
ongress in 1853. The outcome was a scheme by which 
servations of wind and current were collected systematically, 
id selected ships have completed meteorological logs ever 
ace. Everyone was convinced of the importance of deter- 
ining the best tracks for ships to follow. Admiral Fitzroy, 
‘st Director of the growing Meteorological Department of 
e Board of Trade, said in 1855 “During late years the great 
crease (by wider diffusion) of nautical knowledge has not 
uly much shortened sea passages but has rendered them 
ore secure.” 
A new approach does not, however, convince everyone. 
ne of the first shipmasters to submit a meteorological log 
id ‘‘Remarks not so full or complete as I could have wished. 
has entirely devolved upon myself, as I cannot get my 
ficers to take any interest in the matter, being members of 
hat is called the old school, they cannot or will not see the 
ility of bothering themselves (as they term it) with these 
»w affairs.”” Although the powerful steamships of the later 
irt of the century did not have to worry so much about 
ind and currents the work was continued, but it did not 
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spread as much as might have been expected into new applica- 
tions of science. The careful observations sent in by sailors 
over the past 100 years have made the charts of average wind 
and current published by meteorological offices all over the 
world about as good as charts of average conditions can be, 
and improvements in navigational instruments, tables, charts 
and sailing directions have been continued in a remarkable 
way, but there are many aspects of marine science which 
have received too little attention. Anyone seeking to further 
some aspect of navigation, fisheries, coastal engineering and 
marine meteorology, by applying a knowledge of waves, 
currents, deep water circulation and energy exchanges between 
the oceans and atmosphere soon finds the available informa- 
tion quite inadequate for his purposes. Disasters such as the 
sinking of the Titanic and decline of important fisheries have 
launched scientific expeditions and founded new laboratories, 
but it was only under the threat of something really over- 
whelming like the last war that there was real concentration 
of practical and theoretical effort on the science of the sea. 

Our understanding of ocean waves affords a_ typical 
example. As early as 1876 G. G. Stokes realized that the 
alternation of groups of high and low waves which often 
occurs with enough regularity to allow the coxswain of a 
boat to take advantage of quiet periods is comparable with 
the beating of two sound waves, and due to interaction 
between trains of waves of different lengths. But it was not 
until 1944 that a group of Admiralty scientists made the first 
spectrum analysis of sea waves. It was then found that the 
waves behaved roughly as though they originated in a 
number of instantaneous point disturbances over a wave- 
generating area, each producing a continuous spectrum of 
waves so that the wave pattern at any time is the sum of a 
large number of component wave trains with random phase 
relationships. After they leave the storm area the com- 
ponent waves appear to travel independently with the group 
velocities appropriate to their periods, and if the generating 
area is well defined and far enough from the recording station 
the component wave trains can be distinguished one after 
the other by successive frequency analysis of the records. 
Under ideal conditions, as for example when the waves from 
a small but intense storm some 1500 miles distant arrive at 
the recording station during a period of calm weather, the 
slow decrease in the wavelength and period over two or three 
days is quite apparent even to visual observation. 

The most noticeable change in waves entering shallow 
water is an increase in height. In deep water, deeper than 
half a wavelength, the speed of a wave depends on its length 
and is practically independent of depth, but in shallow water 
it depends on the depth of water and decreases as the depth 
decreases. As Rayleigh pointed out in 1911, its height then 
increases because it must carry energy towards the shore at 
more or less the same rate. The first swell to arrive from a 
distant storm may have a wavelength of as much as 3000 feet 
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and be only a few inches high so that it is not visible in deep 
water. It may, however, become apparent when it is short- 
ened, heightened and steepened by passing over shallow 
ground and it is such modification of long forerunners from 
a distant storm that produces ‘ground swell’. Most of the 
storm energy is usually contained in wavelengths about a 
third of the way down the spectrum and the arrival of the 
‘ground swell’ is generally a warning of heavier swell to 
come. 

There was no reasonably satisfactory apparatus for making 
a continuous record of waves before 1944. The most usual 
way to-day is to lay a pressure recorder on the bottom in 
soundings up to about 100 feet and to connect it to the shore 
by a conducting cable. The most advanced devices use the 
piezoelectric effect and, more recently still, frequency- 
modulated capacitance systems which are not so dependent 
on the state of the cable. All the pressure recorders have 
the fundamental disadvantage that they are not sensitive to 
the short wavelengths since the motion and pressure varia- 
tions below a train of waves are reduced to about one-ninth 
at a depth of half a wavelength. Where there is a suitable 
mast or other fixed structure in the sea a vertical insulated 
wire can be used for measurement of the varying capacitance 
between the wire and the water as the water rises and falls. 
Since 1953 we have had a shipborne wave recorder which 
adds the variations of pressure measured through a small 
hole in the ship’s hull below the water line to a record of the 
up and down movement of the hole obtained by doubly 
integrating vertical accelerations measured at the same point. 

Recent work on the statistics of the moving wave surface 
is a remarkable scientific achievement, allowing precise treat- 
ment of the geometry of a very irregular surface which can be 
described in no other way. It gives useful information about 
the probability of different wave heights, slopes and accelera- 
tions, from relatively few measurements of a wave record. 
As an elementary example, one wave in 23 is likely to be 
more than twice the mean wave height, and one in 1175 more 
than three times the average. This is the unexpected wave 
that just happens when a large number of the component 
wave trains get into step. Statistical expressions of the 
oscillatory motions and stresses in ships can be calculated 
from the wave information and ship characteristics. It is 
generally admitted that the more precise description of the 
sea surface obtained by oceanographers has brought research 
on the design and sea-keeping qualities of ships to the 
threshold of new and exciting developments. It was the 
spectrum analysis of waves and ship motion by scientists 
making a systematic approach to the study of waves that 
provided the initiative. Naval architects and engineers 
primarily interested in ships might not have done it for a very 
long time. They have, in fact, been known to say that they 
were interested in the way ships moved, not in what makes 
them move. 

There is still a great deal to do before we have real under- 
standing of even the physical processes by which waves are 
generated. Two kinds of mechanism are now believed to 
be the most important: the effect of travelling pressure dis- 
turbances associated with the turbulence in the wind, and 
the growth of the interfacial disturbance as an instability in 
the shearing flow of the air over water. The first mechanism 
would produce an angular distribution of energy such that 
waves of particular lengths would be preferentially energized 
in the directions, on either side of the wind, where the com- 
ponent of wind velocity is the same as the wave speed. This 
means that the longer wavelengths would more closely follow 
the wind. The second effect might narrow the spread of all 
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frequencies though the shorter waves are likely to be s | 
out again by impulsive effects such as wave breaking. | 
is still a good deal to learn about the propagation and d i 
of waves as they travel through other wave patterns and} 
changing depths and currents. We also need much 
detailed study of the small transports of water by wa 
Experiments and theory show that under certain condi 
there is a rise in mean water level close to the shore to 
the waves are travelling, and in other conditions thet 
a fall. | 

The investigation of the motion and equilibrium which is 
basis of physics can if applied to the ocean achieve ri 
increase in understanding of physical processes that are) 
basis of great engineering projects. The annual bill] 
delay and damage to ships through waves is tremendous4} 
has already been shown that great saving can be madé 
using wave predictions up to 3 or 4 days ahead to ]f 
optimum routes for vessels crossing the North Atla| 
Ocean. An experiment with 1000 ships of the U.S. Mili 
Sea Transport Service crossing the North Atlantic Oc 
showed an average saving of 10% of the passage time. | 
would be very difficult for naval architects and engineer 1 
save 10°% as cheaply, but there is no doubt that better kn) 
ledge of ship motion in relation to waves will help in. 
design of hulls for particular speeds in specified wave ¢ 
ditions. The millions spent in protecting coasts and dredg 
harbours, in retaining beach material in front of the eroc 
land that needs its protection, and in removing it from) 
places where it will hinder navigation, will surely be sy 
more effectively when we have closer understanding of | 
circulation of water on the beaches and at the botto 
the estuaries. The potential gains might at first glance sd 
small in comparison with the weeks and even months . 
were saved by sailing ships using optimum routes, but ar} 
fact greater under the greater intensity of trade and c 
petition to-day. 

There is also much to be gained from studying lo 
changes in sea level, ranging from the 1- to 2-minute ose 
tions that produce troublesome range action in harbo 
through the ‘tidal waves’ caused by seismic disturbances 
the sea floor or intense meteorological disturbances of 
surface, to the tides themselves produced by the variati 
at points in the earth’s surface of the attractive forces of 
moon and sun. The 1- to 2-minute oscillations prob 
get their energy from ‘surf beats’, due to the varying accele 
tions of water as groups of high and low waves break 
gently sloping beaches. Whether or not these are really 
cause of the harbour oscillations is not yet known, thor 
the question is of such importance that a recent Navigatio 
Congress urged that research be undertaken to establish 
cause, to predict severe attacks and to devise alleviating < 
remedial measures. Such work might be judged to 
hydraulic engineering rather than oceanography but b 
sciences will lose if they do not overlap, oceanography go 
up the rivers to high-water mark and hydraulics down 
estuaries to low-water mark. 

Submarine earthquakes usually affect areas with dim 
sions large compared with the depth of water and most 
the energy goes into waves that are long compared with 
depth of water. They travel at the speed 4/(gh) wher 
is the acceleration due to gravity and h the depth of wa 
and in the deep ocean this generally amounts to betw 
400 and 500 miles per hour. This is, of course, the speec 
the wave not of the water particles. The four or five wa 
travelling across the deep ocean are likely to be only | 
2 feet high with as much as 100 miles between the cre 
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‘jand quite imperceptible to ships in deep water. It is only 
Then they move into shallow water that the decrease in speed 
}oroduces destructive amplification. Seismic surges travel 
‘ight across the ocean—those from the Chilean earthquake 
iad a destructive effect on the coast of Japan. Their rate 
}of travel and time of arrival can be predicted with great 
‘accuracy with the help of information from seismographs 
‘lund islands near the source, but the size of the wave and the 
‘Wwiolence with which it will run on to particular parts of 
_|listant coasts depends very much on the direction of approach, 
“Dffshore bottom topography, protecting reefs and local 
‘esonances. Much more work is needed to prepare the way 
“Yor full predictions. 

~ Coastal floods produced by atmospheric disturbances are 
“vast as serious. A disturbance moving over the sea tends to 
‘yroduce a wave and if the disturbance travels at the speed of 
: free wave \/(gh) there is a near-resonance effect in which the 


Wi 


‘Iwave, receiving energy all the time, grows very large. 
ll 


Winds 
ind pressure disturbances do not travel fast enough to excite 
‘Such resonance over the deep ocean, but they can do it over 
“isoastal shelves and shallow seas. The disastrous hurricane 
ie on the Atlantic coast of U.S.A. are caused by hurri- 
‘vanes travelling at just the right speed over a sufficient length 
‘lyf shallow water. There have been very disastrous waves on 
‘jhe east coast of India, caused by disturbances moving at the 


The same mechanism is responsible for smaller 
irises in water level on our own west coast, and even in the 
‘t2nglish Channel a change in pressure or wind, almost too 


coast were due to a surge that travelled down the east coast 
und round the southern part of the North Sea to the coasts 


strong north wind. Everywhere in the ocean the water level 
iS Sensitive to barometric pressure. In the deep ocean and 


jrall in barometer and rise in the sea. In narrower seas and 
Hestuaries the response is somewhat less because of the inertia 
of the water. At London Bridge a rise in air pressure 
corresponding to 1 inch on the mercury barometer causes a 
epression of 7 inches in the height of high water. 

) On a longer scale there are changes in the monthly and 
jannual means of sea level obtained by smoothing out the 
tides over these periods. Round our own coasts the monthly 
jmean sea level is some 15 to 20 cm higher in autumn than in 
‘spring. Most of it can be accounted for by the difference 
jin temperature and pressure, but there is also some evidence 
that there is more water in the ocean at the end of summer 
than at the end of winter, when more is stored in ice, snow, 
lakes and rivers on land. The seasonal change is generally 
much smaller in the tropics, but at the head of the Bay of 
Bengal there is a difference of as much as 165 cm between 
he two monsoon seasons. The fluctuations in mean annual 
ilevel are generally less than +5cm from year to year, but 
may be as much as 10cm. Except in high latitudes they 
how an upward trend, the water rising relative to the land. 
In the south of England the rate of rise corresponds to about 
‘6 inches in 100 years. This begins to be large enough to 
be important to engineers since so much of our population 
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and industry lives on ground below the level of the highest 
spring tides. Nothing can be done to stop surges of water 
due to storms or seismic disturbance, but measures can be 
taken to lessen the damage when accurate predictions are 
available. It might be possible to devise economical schemes 
to deflect some of the energy away from particularly vulnerable 
and important places. At least it is important to be able to 
form the best possible estimates of what might happen over 
a range and coincidence of weather and coastline. Not all 
parts of the world are sinking relative to the sea. We do 
not know how much water is being added to the ocean as a 
whole through the melting of ice caps and glaciers, or whether 
the temperature of the ocean as a whole is rising enough to 
cause appreciable expansion, but as far as we can see its 
level as a whole is rising at a rate of about 4 inches in 100 years. 
Subsidence and uplift of the land itself plays a considerable 
part. Tide gauges in nothern countries such as Finland, 
Canada and Alaska show a rise of land relative to the sea, 
and there is no doubt that this is due to continuing uplift of 
land which is recovering from the great load of ice which it 
carried during the last glacial period. The northern parts 
of Finland are rising at a rate of 3 feet in 100 years and on 
the shores of Hudson’s Bay the rise is twice as fast. 

Sea level changes from place to place as well as time to 
time. The main factors are differences of temperature, 
density, atmospheric pressure, wind, currents and waves. 
The well-known difference between the two ends of the 
Panama Canal may be largely due to differences of density. 
In the rainy season which affects the Gulf of Panama mean 
sea level is 30 cm higher at the Pacific end than in the more 
saline Atlantic water. In the dry season the difference of 
level is very small. In the Straits of Dover a tidal current 
of 3 knots towards the North Sea would make the sea level 
at Calais 50 cm higher than at Dover because of the sideways 
thrust of the earth’s rotation. The tilt reverses with the 
tidal stream, but there is enough residual non-tidal current 
towards the North Sea to leave a difference of a few 
centimetres. 

No body of water, however small, nor the earth itself, is 
left undisturbed. An American writer has said that geodesists 
who have hopefully used ‘sea level’ as a reference, and 
oceanographers who equally hopefully have used ‘fixed 
bench-marks’, have finally bumped into one another going 
backwards. Tides have been measured in the Taylor Model 
Basin, which is about 4 mile long. They were about three- 
thousandths of an inch and would have been nearer four- 
thousandths if the earth had been solid instead of flexible. 
Earth tides are known to have an appreciable effect on ocean 
tides, and the water tides flowing in to coastal areas tilt the 
neighbouring land to a small but measurable extent. Inter- 
ference of surface patterns of ocean waves causes fluctuations 
in mean pressure on the sea bed large enough to produce 
measurable microseismic oscillations in the middle of the 
continent. They can be used to obtain information about 
the ocean waves. 

The greatest interplay of force and movement in the oceans 
is in the currents and general circulation of water, and the 
processes, including the interchange of energy between the 
ocean and atmosphere, are complex. The winds and water 
movements influence the density layering of the ocean, 
altering its thermodynamic potential as well as its response to 
the winds. The ocean currents driven by the winds and 
density differences do much to determine where most heat is 
fed to the atmosphere and so help to set the pattern of the 
winds. It is the effect of the earth’s rotation and the way it 
increases with latitude that makes the currents stronger on 
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the western side of each ocean. Although the subject has 
been of great interest to sailors, travellers and scientists for 
hundreds of years, we have only skimmed the surface. We 
have good charts of the average current at the surface but 
do not understand the eddies and day-to-day changes found 
in them. We have only just discovered that the water move- 
ments at great depths can be almost as fast and variable as 
those at the surface and have no theory to explain it. We 
must learn much more about how these fluctuating movements 
are generated before we can understand and predict changes 
that affect navigation as well as the slower changes that affect 
climate or the conditions on fishing grounds. 

It seems almost incredible in such days of unparalleled 
scientific enterprise, discovery and achievement that the 
advantages of a more detailed understanding of a great 
sector of our environment, much more important to mankind 


New Books 


Digital computers and nuclear reactor calculations. By W. C. 
SANGREN. (New York and London: John Wiley, 1960.) 
Pp. xi + 208. 68s. 


More digital computer time has been devoted to nuclear 
engineering than to any other branch of science; most of this 
time has been spent solving parabolic and elliptic partial 
differential equations, and simultaneous ordinary differential 
equations. The present book provides a brief account of the 
phenomena which the various equations describe, enumerates 
the salient features of automatic computers and the principles 
of their proper use, and indicates the form in which the 
equations are presented to a computer for solution. 

The first chapter describes the problems facing nuclear 
design engineers, and there follow chapters on Digital com- 
puters, Programming, and Numerical analysis. The dis- 
cussion is restricted, necessarily, but it is designed to make 
the reader aware of what computers can and cannot do; 
for example, the desirability of an error analysis for every 
computation is emphasized. The value of automatic coding 
facilities is stressed and the potentialities of ALGOL are 
indicated. The vital statistics of American machines are 
summarized (though the figures appear rather conservative 
now), and users of English machines will be interested to 
learn that the routine manufacture of reliable magnetic tape 
has been achieved abroad. Surprisingly, the importance of a 
facility for accumulating exact scalar products of vectors is 
not mentioned, and the use of direct methods for solving 
elliptic difference equations is discouraged. 

In Chapter 5, equations for reactor poisoning are presented, 
and a programme for their solution is described in detail. 
Chapter 6 is devoted to diffusion and age-diffusion equations: 
these are approximations to the fundamental Boltzmann 


than Space, are overlooked. The problems themselves }} 
difficult, but challenging and exciting, and the knowledge 
be gained has almost unlimited applications and yet the wé ; 
is neglected. The book Modern Physics for the Engine 
published by McGraw-Hill in 1954, devotes 36 pages) 
astrophysics and 24 to the earth below the sea, but no} 
word about the sea itself. The discoveries and developmei 
of the past few years are striking enough to secure sow 
mention next time, but the omission is indicative and rep}! 
sentative of a general lack of appreciation of the potent) 
value of what eminent scientists who never go out of 
laboratory call a ‘fringe subject’. The oceans are still a. 
more than a fringe, and the trade and defence of our coun) 
will not be maintained without scientific investigation of 1 
ocean a bit more advanced than the accurate observatiq 
and plottings of the last century. | 


transport equation for neutrons, and give rise to the critical 
eigenvalue problem and the associated inhomogeneo 
boundary value problem. Methods of attacking the transp ‘ 
equation itself are the subject of Chapter 7, most space bei} 
given to a Monte Carlo technique. The final chapter is: 
miscellany, and touches on reactor kinetics, burnout, shie 
ing, and heat conduction. From the viewpoint of the gene# 
reader, these chapters would be improved by a diagr 
illustrating the disposition of fuel-cans, moderator, etc., a 
by a short account of the physical processes which 
exploited in a reactor. For example, no comment is ma 
on the role of thermal neutrons, or on the meaning 
individual terms in the transport equation. 

The attitude to computing manifest in this book is exer 
plary, and such work could reasonably become prescribe 
reading for diploma courses on numerical analysis. (Cor 
panion volumes on fluid dynamics and on guided missil 
would be useful.) The following general remarks deser 
publicity: ‘the value of any program is greatly enhanced | 
a good write-up’, p. 12; ‘it is unlikely that one-of-a-kir 
machines will again play a major part in computing’, p. 2 
‘economics seems to dictate . . . the increased use of lar, 
central computer facilities’, p, 27; ‘debugging at the conso 
wastes a great deal of machine time’, p. 45; ‘there will alwa 
exist a class of problem, for any computer, where it is ec 
nomically sensible (for the operator at the console) to mal 
a decision based upon an intermediate result’, p. 47. 

In view of the book’s virtues, the poor grammar and flabl 
style of writing are to be deplored. Inadequate proof readit 
has left a residue of trivial errors, which occur more frequent 
than one per fifteen pages. 


D. W. MARTIN 
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: Calculation of the behaviour of rubber-covered 


. pressure rollers 


iM | 


i) 
Abstract 

Data are given which enable the properties of nips between 
netal and rubber-covered pressure rollers to be calculated 
rom the parameters of the system. The properties with 
thich the calculation is primarily concerned are the nip 
idth and the mean pressure in the nip, but the principle 
an be extended to include the peak pressure and the 
istribution of pressure through the nip. The calculation 
3 based on the well-known Hertzian formula and on 
mpirical relations, which express the important effects of 
he rubber-cover thickness. 

The data refer not only to roller systems in which the 
yading is uniform, but also to non-uniform nips, in 
articular to those which show what is probably the 
ommonest cause of non-uniformity, roller deflection. 

Although the calculations refer primarily to nips between 
ne hard roller and one relatively soft, covered, roller, 
jhey are directly applicable to nips between two identical 
‘overed rollers and may be applied, within limits, to 
‘ystems in which the rollers are dissimilar in properties. 


1. Introduction 


UBBER-COVERED pressure rollers are widely used 
industrially for the processing of material in sheet 
form. The material may be squeezed either between 


these materials are sufficiently harder than rubber for it to 
je safe to assume that they retain their cylindrical shape in 
dae nip. In either case, then, the properties of the nip 
pend on the properties of the rubber-covered roller or 
#ollers alone. 

| Strictly speaking, this will only be true if there is no com- 
aressible material between the rollers. However, if the 
jidentation of the rubber cover in the nip is appreciably 
4ireater than the change in thickness of the processed material, 
1e presence of this material can have very little effect on the 
#ip properties. This condition is certainly satisfied by the 
jreat majority of textile fabrics and must also be satisfied 
y many other materials. In these circumstances it is 
jpasonable to ignore the material which is being processed 
id to assume that the nip properties are determined by the 
oiler alone. 

| Ideally, a full knowledge of the way in which the pressure 
} distributed through the nip is required in order to define 
1e nip properties. However, the symmetry and general 
milarity shown by the results of experiments on a variety 
if nips (Parish 1958) suggest that the mean pressure alone 
jnould define the nip properties with sufficient precision for 
lractical purposes. This has been found to be the case in 
he mangling of textiles (Moss and Parish 1959); a knowledge 
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of the mean pressure should be equally useful in other 
processes, although it might be desirable also to know the 
maximum pressure. This paper deals with the calculation 
of these pressures from given roller parameters, considering 
first the contact of a rubber-covered roller with a hard roller 
and subsequently the contact of two rubber-covered rollers. 


2. Theory of contact between a hard and an elastic roller 


This theory has been discussed previously (Parish 1958). 
For a homogeneous elastic roller of rubber, Poisson’s ratio 
being taken as +, and assuming plane strain and uniform 
loading, the nip width is given by 


ho? = = (1) 


where 2h, is the nip width, W is the applied load per unit 
length of the rollers, E is the Young’s modulus of the rubber, 
and 

1 1 1 


fe pee es 2 
Dal Di wD, @) 


D, and D, being the roller diameters. 
The pressure distribution through the nip is 


P(x) = Pra(l — x?/hg?)'? (3) 


where x represents distance measured from the centre line 
of the nip (—hy < x < ho), P(X) is the pressure at point x, 
and P,, is the maximum value of this pressure (x = 0). 

The mean pressure is given by 


P = W)2h (4) 


from Eqn (3). 

Eqns (1)-(5) enable the properties of the nip to be cal- 
culated from the parameters W, E, D, and D,. The Young’s 
modulus E can be obtained from measurements with an 
indentation hardness tester, the relationship having recently 
been discussed by Gent (1958). Ideally, the indentation 
should be measured with a dead-load instrument on a rubber 
slab, but reasonable results can be obtained with a ‘pocket’ 
instrument, even on the curved surface of a roller, if it is 
used with care. 

The above conditions apply only to a homogeneous rubber 
roller. If the roller consists of a relatively thin cover on a 
hard core, Eqns (1) and (3) no longer hold (Parish 1958). 
An additional parameter, introducing the cover thickness b, 
is involved. The nip width 2h is smaller than the value 2hp, 
calculated on the assumption that the roller is homogeneous, 
and an experimental curve relating the nip width ratio h/ho 
to the parameter 2h/b is shown in Fig. 3 of the paper by 
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Parish (1958). A second experimental curve, in Fig. 2 of 
that paper, expresses the failure of Eqn (3) by a plot of 
P,,/P against the same parameter. For purposes of com- 
putation the first of these relations is better expressed by a 
graph of h/hp against /o/b, and this is shown in the present 
Fig. 1. This graph enables a calculation procedure based on 


0 ——-—-— ———$_—_—_—__— 


7 
| 
| 
| 
| 
| 


0-4 


0:2 | 
0 
Ng /b 
Fig. 1. Variation of h/ho with ho/b. 
This figure is based on Fig. 3 of a previous paper (Parish 1958). 


Eqn (1) to be extended to a roller with a cover of thickness b. 
Most rubber-covered rollers are constructed with a Jayer of 
ebonite between the metal shell and the outer rubber layer. 
The ebonite is sufficiently hard to be regarded as part of the 
shell, and the cover thickness b is the thickness of the soft 
rubber layer alone. 


3. Extension to conditions of uneven load distribution 


A procedure for calculating the nipping properties of 
rollers would be of limited value if it could only be applied 
to those systems in which the distribution of load is uniform 
along the length of the rollers. Many industrial machines 
have some degree of non-uniformity of load distribution, the 
commonest cause of which is roller deflection. Deflection 
arises from the fact that the inward thrust is applied to the 
bearings of the rollers, whereas the outward thrust is dis- 
tributed over the roller working face. The result is that the 
nip loading, and hence the nip pressure, vary in an unknown 
manner from point to point along the length of the rollers. 
The length of the roller face will be denoted by 2/ and the 
distance along the face, measured from the centre, by 
y (then —7/<y</). Egn (1) can no longer be used 
directly, since the value of W(y) is not known, but only the 
average value W. The important point is that, when roller 
deflection is present, the variation in separation of the hard 
parts of the rollers along their length must be balanced by 
a variation in the indentation of the rubber cover or covers. 
The extent of the variation in load distribution will depend 
on the rubber properties, but in all cases the variation in 
indentation must be equal to the combined deflection of 
both rollers. This deflection, in the plane of the roller axes, 
will be denoted by z(y), relative to the centre of the face 
(so that z(0) = 0). If the rollers, in addition to showing 
deflection, have some surface camber (crown), then the 
residual deflection is given, of course, by the difference 
between the true deflection and the camber. 

The extension of the calculation to deflecting rollers 
therefore necessitates the determination of rubber indenta- 
tions. Recently, Loo (1958) has derived theoretically the 
indentation of a homogeneous roller, but the treatment has 


BRITISH JOURNAL OF APPLIED PHYSICS 334 


not yet been applied to a covered roller. | It has 
necessary, therefore, to rely entirely on experiment. 
The rubber indentation is measured, in the plane G 
taining the roller axes, by measuring the difference in sep 
tion of the hard parts of the two rollers when the surfa 
are brought just into contact without load, and when le 
is applied. The experiment must, of course, be made 0} 
roller system in which deflection is negligible. Measurem 
have been made in this way of the indentation of seve 
rubber covers when loaded, rotating, against a steel rolley 
the apparatus on which the pressure distribution measu 
ments (Parish 1958) were carried out. In each case | 
measured indentation 6 was compared with a ‘geometri¢ 
indentation d given by 


d =o) 


and the ratios 5/d were found to lie close to a single c 
when plotted against the parameter /g/b. For purposes 
computation a more convenient plot is of the function rs) 
against /p/b, and this is shown in Fig. 2. 

With this additional relation it is possible to extend © 
calculation to non-uniformly loaded systems. The inforn 
tion required for the calculation now includes a knowle 
of the deflection of each roller. The resistance to bend 
of a roller is provided by the metal parts alone and 
deflection may be calculated by the usual methods, as 
described, for example, by Gough (1947) and by Sturken < 
Verner (1955). Calculation, however, does not always 
reliable results. Where possible, measurement is to 
preferred, and a simple instrument, the Shirley bowl deflect 
indicator, has been developed for this purpose. A descrip 
of this instrument and a brief discussion of roller deflect 
are included in a paper by Moss (1959). 

Returning to the calculation of nip properties, the essen 
problem is to determine the way in which the load W} 
must vary along the rollers in order to satisfy the ro 
deflection conditions. The necessary relationships are c 
tained in Eqn (1) and Figs 1 and 2, but a solution can 
be reached by a procedure of repeated trials. The aut 
has used nomograms to facilitate the calculation. 


4. Calculation procedures 


4.1. Hard roller/rubber-covered roller: uniform loading 


Under these circumstances the calculation is strai 
forward. The parameters required are W, D,, D>, rub 
hardness E, and b. The value of ho is calculated and Fi 
is used to obtain h. This gives the mean pressure direc 
if the value of P,, is required, it can be determined fr 
Fig. 2 in the paper by Parish (1958). 


4.2. Hard roller|/rubber-covered roller: non-uniform load’ 


The required parameters are as given above (except tl 
the load per unit length is now the average value W), w 
the addition of the combined roller deflection z(y). JT 
calculation procedure is to assume a value for W, (i.e. W 
for y = 0), and to use this value to compute 6, using Eqn 
and Fig. 2. Since the roller deflections are known, this gi’ 
d(y) for any value of y. Hence W(y) may be determir 
for a suitable number of points and the average value pil 
pared with the given value of W. The correct value of 
is that which makes these two averages equal. | 

In most cases it is probably unnecessary to compute WM 
for more than one point other than the centre, and a sligh 
different procedure may be more convenient. The shape 
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i _ deflection may be represented with reasonable accuracy 
y 
2(y) = Zm(y/L), (7) 


2m being the deflection at the ends of the roller face. 


15 —— ————— a 


2-0 = 


| 
| 
3 4 5 6 
ho/b 
Fig. 2. Variation of 6D/b2 with ho/b. 
The points are experimental values. 


zl nreasonable to represent the variation in load distribution 
also by a second-order equation 


WD Wo Kyl): (8) 


3W = W, + 2W,, (9) 


where the subscript s denotes the side position, for 
y= + 1/r/2. 

If this equation is assumed to hold, the appropriate value 
of W, is fixed once the value of W, is chosen, and 6, may 
joe calculated from W, in the same way that 6, is calculated 
from W,. The check on the correctness of the value assumed 
‘for W, then lies in the difference between 6, and 6,. 


4.3. Identical rubber-covered rollers 


By identical is meant that the rollers are of the same 
|diameter and have covers of equal hardness and thickness. 
From symmetry it is clear that, with uniform loading, in 
the nip the surface of each roller must lie on a plane normal 
to the plane containing the roller axes. Each roller then 
oehaves as though it were pressed into contact with a rigid 


Ito that outlined in Section 4.1, except that the diameter D 
fis now set equal to the diameter of one rubber roller 


Virtually the same conditions apply with non-uniform 
jloading. The surface of contact may now be curved in the 
tolane of the roller axes, but will still be flat in the direction 
normal to this plane. Each small element along the length 
of each roller thus behaves again as though in contact with 
a rigid plane. The calculation proceeds as in Section 4.2, 
gain with D set equal to the diameter of one roller alone, 
ut now, since the roller covers are identical, they must 
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share equally the variations in indentation required by the 
combined deflections of the two rollers. That is, the 
difference 6(y) — 5, of indentation of each roller must now 
be half of the combined deflection z(y). (Note that the 
deflections of the two rollers need not necessarily be equal, 
since the properties that govern roller rigidity are not 
involved in the identity conditions required here.) 

The procedure of this subsection applies exactly only if 
the rollers are identical. It can, of course, be applied to give 
a less accurate solution if the rollers do not differ too greatly; 
under these conditions the average values of the parameters 
would be used. 


4.4. Dissimilar rubber-covered rollers 


In general the rollers may differ in diameter, in hardness 
and in cover thickness. Subscripts 1 and 2 will be used to 
denote the two rollers. 

4.4.1. Uniform loading. Although the nip width 2/ must 
have a unique value (for a given load), the theoretical nip 
widths, 2/9), 2/92, will not be equal if b; #55. The surface 
of contact will no longer be plane; it may, without undue 
simplification, be assumed cylindrical and of diameter D3. 
It is then necessary to find the value of D; to fit the following 
conditions: 


ee 3 WD’ 
ot 9 TE 
(10) 
ee 3 | 
02 2 TE, 
where 
1 1 1 
aes a), SS a eee 
iby 1D) 1D 
(11) 
Ib = 1 
er i De 


and the values /o;, 4o2 are so related to b;, by that hy = hy. 
The procedure then must be one of trial and error, made by 
choosing values of D; until these conditions are satisfied. 

In the special case where b,; = 5 the problem is much 
simpler, since then fp, = o> and the general equation for 
contact of two elastic rollers may be used, both Poisson’s 
ratios being set equal to 4, 


egg. Ey 


12 
21 E, a) ( ) 


ho 


(It may be noted that Eqns (10) and (11) also lead to 
Eqn (12) for ho = hg>-) 

4.4.2. Non-uniform loading. The general problem becomes 
very complicated. Although the total indentation at any 
value of y is known from the roller deflections, for a chosen 
value of (5, + 55),, the relative proportions of 6,(y) and 
5,(y) are not known; neither is it safe to assume that the 
value D3, at the centre of the roller faces applies for all 
values of y. 

The only feasible procedure is to assume Eqn (8) to hold, 
so that W, is fixed when W, is chosen. D3, and D3, must 
then be chosen so that the necessary conditions are satisfied 
at each point, as described above. It still remains to deter- 
mine that the difference (6, + 54), — (6, + 5), satisfies the 
deflection conditions. If not, another value of W, must be 
chosen and the calculation repeated. 

In the special case where b; = by the problem is simpler. 
Eqn (12) can then be used for fp, and the value of 
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D{(1/E;) + C/E,)} is the same for all values of y; the 
calculation is only a little more complicated than the similar 
calculation with one hard and one covered roller in contact. 


4.5. Varying rubber thickness 


The calculation procedures described above have all 
assumed a constant rubber thickness along the length of the 
roller or rollers (ignoring the minute differences which result 
if roller surface camber is present). A substantial variation 
in rubber thickness can be used to counteract the effects of 
roller deflection, and a calculation can be made to determine 
what thickness variation is required for a _ particular 
application. 

The usual methods of correcting for roller deflection 
(cambering of the roller surface, skewing of the roller axes, 
etc.) all have for their object the attainment of a uniform 
distribution of /Joad along the length of the nip. This would 
appear to be an unnecessarily stringent condition; the load 
may be allowed to vary provided that the nip width is made 
to vary in the same manner, so that the mean pressure is 
kept constant. This result can often be obtained by varying 
the thickness of the rubber cover along the length of the 
roller. A cover which is thicker at the ends of the roller 
face than in the centre is required, and this can be obtained, 
while maintaining a cylindrical outer surface to the roller, 
by cambering the roller mandrel (Parish 1955). This method 
of correcting for roller deflection has several advantages over 
the conventional surface camber. 

It would be possible, in theory, by suitably shaping the 
mandrel, to obtain a constant mean pressure at every point 
along the length of the roller, but the procedure would be 
very complicated. For practical purposes it is sufficient to 
apply a parabolic camber profile (in many instances even an 
approximation to this parabola will suffice), and to assume 
that the load is parabolically distributed (Eqns (8) and (9)). 

The calculation is again made by repeated trials, first 
assuming a value for W, and calculating P, and 6, as 
indicated previously. Since W, is fixed by the chosen value 
of W, and Eqn (9), the value of ip, can be determined, and 
since P, and P, are to be made equal, 2h, is also fixed. The 
value of b, is thus determined by means of Fig. 1, and 6, 
may be found. The difference 6, — 6, is compared with the 
combined roller deflection z, to provide the check on the 
correctness of the value assumed for W,. 

The difference in cover thickness 6b, — b, indicates the 
amount of camber to be put on the mandrel. The behaviour 
of the roller at other loads and other cover thicknesses, or 
for other positions along the face can now be calculated by 
the method described in Section 4.2 above, using the appro- 
priate values of cover thickness. 


5. Conclusions 


The calculation procedures described here have been 
applied over the past few years to a wide variety of textile 
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mangles, and results in good agreement with measurall 
parameters have been obtained. One such measural} 
parameter is, of course, the effect of the nip on the mater} 
being processed, but often this will provide only a qualitati} 
estimate of the behaviour of the system. The quantity w 
provides the best comparison with calculation is the 1 
width. The calculations are based on empirical relationshi 
derived from a system in which the rollers were rotating, ay 
the calculated results therefore refer to such ‘dyna 
conditions. Measurements of nip width can be made unc 
similar conditions by a photographic method (Moss 195 
and a modification of this method can be applied with t 
rollers stationary, as can the well-known carbon paper al 
similar methods. Such measurements show that there. 
very little change in nip width with speed, but there is) 
somewhat greater difference between measurements mai 
with the rollers rotating and with them stationary. ‘Stat 
nip widths are larger than ‘dynamic’ ones and the differen 
generally lies between 5 and 10%. In comparing calculat 
nip widths with static measurements, allowance must | 
made for this difference. With this allowance made, cé 
culated and measured values have been found to be in go¢ 
agreement, generally to within 5%. 

It must be remembered, however, that the calculations 
based on empirical relations which show significant depa 
tures from a theoretical treatment. It was concluded els 
where (Parish 1958) that these differences were due to t 
non-linear elasticity of the rubbers employed. If this is S 
the successful application of the results to many other role 
implies that all the covers possessed the same order of no} 
linearity. This would seem to be quite possible with t 
relatively limited range of rubber hardness involved, roug 
55° to 90° B.S. This range will include most requirements 
pressure roller covering, but the calculation should be applie 
with caution to hardnesses outside this range and to ot 
covering materials. 
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Abstract 


The photoconductivity and photocurrent decay time at 
875 foot candles illumination have been measured for over 
ninety crystals of cadmium sulphide of widely different 
photosensitivities. The same parameters were also 
measured over the illumination range 0-007 to 875 foot 
candles for a smaller number of crystals. At 875 foot 
candles a clear correlation between photoconductivity and 
decay time was observed. The performance of all the 
crystals was limited by trapping. Evidence for two types 
of trap was obtained. 


Introduction 


HE practical interest in the photoconductive properties 
of cadmium sulphide stems from the discovery by 


Frerichs (1947) of the particularly high photosensitivity 


4, to visible radiation found in suitably prepared cadmium 


It is generally recognized (Rose 1956) 


i, as the time spent by the carriers in the conduction and/or 


valence bands between generation and recombination. Thus 
if uniform optical generation in a photoconductor creates f 
electron hole pairs in unit volume in unit time, then steady 
state conditions exist when the recombination rate of free 
carriers is equal to their generation rate. This condition is 
expressed by the equation 


(1) 


where n and p are the free electron and free hole concentra- 
tions respectively and 7, and 7, are the respective mean 
lifetimes. Eqn (1) assumes that the thermal equilibrium 
carrier concentrations are negligible compared with n and 
p, which is a condition usually fulfilled in large band gap 
photoconductors. 

In practical applications of a photoconductor two impor- 
tant parameters governing its performance are the photo- 
sensitivity and speed of response. On the basis of a photo- 
conductor containing only recombination centres within the 
forbidden band and one predominant carrier, the photo- 


f=n/t, = P/[T, 


current would show an exponential rise and decay with a 


time constant equal to the free carrier lifetime. Thus from 
Eqn (1) a high photocurrent at a given rate of excitation also 
entails a large response time and vice versa. However, as 
trapping effects must be considered in the case of transients, 
such as photocurrent decay, the results of this simple model 
need modification to allow for trapping effects. Rose (1951, 
1956) has shown that while trapping has no effect on the 
steady state, thus Eqn (1) remains valid, the decay time 
constant is lengthened by a factor n,/n or p,/p, where n, 
and p;, are respectively the number of electrons and holes 
held in traps, for steady state free carrier concentrations 1 
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and p, and which are released before the free carrier con- 
centration falls to 1/e of its steady state value. The rise 
time is similarly lengthened due to the filling up of the empty 
traps. 

Despite the considerable literature on the photoconductive 
effect in cadmium sulphide, there is very little information 
concerning response time of the photocurrent and in par- 
ticular its relation to the rate of excitation and photosensi- 
tivity. Bube (1956b) investigated ten crystals using a constant 
rate of excitation and concluded that the response time was 
independent of photosensitivity except for the most sensitive 
crystals. The work described in this paper is an extension 
of Bube’s (1956b) earlier measurements through the investi- 
gation of a much larger number of crystals. In addition 
the effect of varying the rate of excitation is also studied. 


Calculation of photoconductor performance 


Equation (1) enables a relationship between the photo- 
current, illumination and lifetime to be derived. We shall 
consider specifically a single crystal of undoped, homogeneous 
cadmium sulphide and assume a negligible hole conductivity 
(Rose 1957). Let F be the total number of photons absorbed 
per cm? of illuminated surface. Each photon is assumed to 
create one electron hole pair. Then in the steady state 

F= J He (2) 

T(z) 

where z is the depth measured normal to the illuminated 
surface. n(z) and 7(z) are the free electron concentration 
and mean lifetime respectively at a depth z and the integral 
extends over the thickness of the crystal. If the crystal is a 
rectangular slab of width a, length b and thickness c, the 
observed photocurrent under uniform illumination is 


geacdz 
i= quaV | rite (3) 
0 b 
for a voltage V applied across the crystal length by means 
of ohmic end contacts. wm is the electron conductivity 
mobility and gq the electronic charge. 

In order to combine Eqns (2) and (3) it is necessary to 
know or assume the dependence of n(z) and 7(z) upon z. 
Making the assumption, which will be justified later, that 
7(z) = T, a constant, permits n(z) to be eliminated between 
Eqns (2) and (3) to yield 


o/Fr = pq (4) 


where o = (i X b)/(a X V), which will be defined as the 
photoconductivity of the crystal. Physically it is the electrical 
conductivity per square of illuminated surface: it is a 
characteristic solely of the crystal and not of the surface or 
electrode geometry. 
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Kroger et al. (1955) obtained a value of 210cm* v—!s7! 
for the Hall electron mobility at 300° c due to lattice scatter- 
ing in cadmium sulphide. They showed that this value held 
for both surface and volume conduction. Later work by 
Miyazawa et al. (1959) and by Portis (1959) has given 
excellent confirmation of this value for the Hall mobility. 
In general the Hall and conductivity mobilities are unequal 
but, for lack of information, equality will be assumed in the 
present case. 

If trapping is present then 7 is no longer equal to the 
observed photocurrent decay time. The latter exceeds 7 by 
a factor determined by the amount of trapping. In practice 
it proves more convenient to measure the time ¢ taken to 
decay to half the steady state photocurrent. Allowing for 
this change from 7 to ¢ and substituting values for pz and g 
into Egn (4) gives 


o/Ft< 4-8 x 10—!7 mho cm?. (5) 


The term oa/Ft will be defined as the performance of the 
crystal. This is basically the same definition used by Rose 
and Lampert (1959). Evidently maximum performance, 
corresponding to no trapping, is given by equality in Eqn (5). 
It is also logical to define o/F as the photosensitivity of the 
crystal. 

The evaluation of F is straightforward in the case of 
monochromatic illumination through the use of Dutton’s 
(1958) results on optical absorption and reflection in cadmium 
sulphide. For white light illumination this data can be used 
to show that a pure crystal completely absorbs all wave- 
lengths shorter than a particular one and is essentially 
transparent to longer wavelengths. The precise cut-off 
wavelength is about 0:52 4 and depends upon the crystal 
thickness. F is thus set equal to the number of photons 
entering the crystal with wavelengths less than the cut-off. 


Crystal preparation 


The crystals for this investigation were grown by the 
sublimation of phosphor grade cadmium sulphide powder 
within a quartz tube. A carrier gas, composed of nitrogen 
and hydrogen sulphide in the proportions 10 : 1, conveyed 
the cadmium sulphide vapour to the crystal growth zone. 
The sublimation temperature of the powder charge was 
1080° c and the crystals grew in a temperature zone centred 
about 850° c. 

The colour of the crystals was pale yellow and their habit 
ranged from thin plates and laths to long slender needles. 
Dark electrical conductivities were in the range 10~!° to 
10-§ mhocm~! with photoconductivities of less than 
10—-© mho under 20 f.c. illumination. 

Mass spectrographic analysis was used to check the purity 
of the grown crystals. Potassium and chromium were the 
only two elements detected. Important impurities such as 
the group 1B and 3B metals were below the detection limit 
of the instrument. The amounts and detection limits for the 
various impurity elements are summarized in Table 1. 


Table 1 


Element K Ag Cu Al Ga Cr 
Concentration atoms 
cm-3 x 10-16 1=10, “<025)=<029) <4 2028) 0228-98 


The presence of chlorine was masked by the instrument 
blank but its concentration was less than 8 x 10!7 atoms cm~3 
and probably less than 8 x 10!® cm7—3. 

In order to achieve as wide a variation in crystal photo- 
sensitivity as possible, sample batches from the grown 
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crystals were subsequently fired in different atmosphe 
Ten batches were selected, each batch containing of 
order of 100 crystals. The firing time was thirty minutes || 


all batches. Table 2 summarizes the firing conditions. 
Table 2 

Batch i 2 3° 4 5°56 7 “3 eaoe | 

Firing temp. °c 700 700 700 700 800 800 800 800 475 4 

G “%YHS — 5 30100 — 5 30100 — | 

i oe {oN 100 95 70 — 100 95 70 — — ff 

sss OF Ap a ee On 


Dark conductivities for batches 1 to 8 ranged fr 
approximately 0-1 mho cm~! to less than 10—!! mho cm? 
It is reasonable to attribute this wide spread of values | 
variations from stoichiometry. An interesting feature of t 
crystals from these batches was the relatively abrupt rise 
photosensitivity with decreasing dark conductivity. T 
for dark conductivities less than about 2 x 10~3 mho em: 
the ratio of photocurrent to dark current was at least a fact 
ten at 875 f.c. illumination compared to a ratio of less t 
two for dark conductivities greater than 2 x 10~3 mho cm) 

The dark conductivities for the air fired batches show) 
little change from their original vaJues. The principal eff 
of the air firing was to increase the photosensitivity. 


Measurements | 


Approximately ten crystals were selected from each bat 
for measurement. Pale yellow crystals only were chosen 
order to ensure negligible impurity photoconductivi 
There were, in fact, very few crystals in any of the batc 
showing colouration due to impurity absorption. O 
contacts were made to the individual crystals by solderi 
with indium. Typical crystal dimensions were: 

0:03 <a<= 0-2em, 0:2 =) =0-S emi, 0005S = 20-00 

Values of o and ¢ were measured for all the selected cryst 
which had a light to dark current ratio of at least ten at t 
maximum test Ulumination of 875 f.c. These parameters wi 
also measured over the illumination range 0-007 to 875 f. 
for a smaller number of crystals. The source of illuminati 
was a calibrated Ediswan d.c. Pointolite lamp operating 
a candle power of 94:3cd and a colour temperature 
2900° K; ¢ was measured using a chopper disk which ga 
an on-off time ratio of 14-2 : 1 with two chops per revol 
tion. The decay was displayed and measured on an E.M 
type WM8 oscilloscope. In general the rise and decay tim 
were very similar for a given crystal; neither the rise or dec: 
of photocurrent could be represented by a simple exponenti 
All measurements were made at room temperature in ro 
air. The crystal characteristics proved quite stable und 
these conditions. The measured values of o and ¢ have a 
estimated accuracy to +10°%. 

Dutton’s (1958) absorption data lead to a wavelength cu 
off of about 0-515 w for c = 0-01 cm. Doubling the thick 
ness raises the cut-off to 0-52 x. In view of the present rang 
in crystal thickness F has been calculated for a cut-off wave 
length of 0:515 4. Thus 875 fic. illumination at a color: 
temperature of 2900°x yields F = 1-40 x 10!5 photor 
cm~?s~!, Losses by reflection of the incident radiation < 
the crystal surface were allowed for by assuming a constar 
value of 0-2 for the spectral reflection coefficient (Dutto 
1958). An extension of the cut-off wavelength to 0:52 
raises F to 1:52 x 10!> photonsem~?s~-!. Thus F is nc 
critically dependent on c. Indeed the absorption dat 
(Dutton 1958) show that all wavelengths less than 0°51 / 
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‘jwill be completely absorbed within a depth of 10 x. This 
means that 80-90% of the absorbed photons are absorbed 
‘\within a 10 w thick surface layer. Clearly the processes 
occurring within this layer will largely decide the photo- 
conductive properties. Because of its very small thickness it 
appears reasonable to assume substantially uniform properties 
-|within this layer. This is the basis for setting 7(z) = 7 in 
ijderiving Eqn (4). Thus 7 is taken to be the mean lifetime of 
-\free electrons within this thin surface layer. Substituting 
-|F = 1-40 x 10!5 photons cm~? s~! into Eqn (5) gives 


o/t< 6:8 x 107-2 mhos7!, (6) 


Results 


875 f.c. illumination 


jy Figure 1 records o plotted against ¢ at 875 f.c. for all the 
dected crystals, 92 in number. For clarity no attempt is 
made to distinguish between crystals from different batches. 
i;Generally, however, batches 4 and 8 gave crystals with low 


:wo parameters. The diagonal line corresponds to maximum 
performance as given by equality in Eqn (6). 

The data of Fig. 1 show two distinct features. The first 
s the diffuse but definite trend for o to increase with f over 


10 ar a oe, Bi 
e a al e “ eee ae 
e * ace 7 we 
gooe & © ae 
q ° Fils a 
“a 0° 8 |e ° Se 0 4 
Ei Of oe ry oe fo %0 e ye 
<- o).° li 
eas: Paneer s va -2 + 
5 : /~ P= 6 8x10 mho s 
° je Wi 
BI e e A | Sie a 
‘A “ Hi 
if] 010 . or 
107 10" 10° 10 * 10° 
ao (mho) 


A) Fig. 1. Variation of photoconductivity, a, with decay time ¢ 
Ato OMECs 

This differs from Bube’s 
1956b) conclusion that o was largely independent of ¢ in the 
“ange 0:30<+<4ms. The distribution shown in Fig. 1 
suggests that the diffuseness becomes more marked as o 
decreases. There is, however, no indication of a lower limit 
“0 t. The second point is that all the crystals lie to the left 
of the maximum performance line and thus conform to 
Eqn (6). It can be seen that the observed performances are 
‘mainly between one fifth and one tenth of the maximum 


Value. 


Illumination range 0-007 to 875 f.c. 


A total of thirteen crystals were studied in this illumination 
‘ange. Seven crystals were from batch 1 and two each from 
patches 4, 8 and 10. In Fig. 2 the observed performance 
5/Ft is plotted against o for three of these crystals. The 
dependence of o on F for the same three crystals is shown 
n Fig. 3. It will be seen from this last figure that, at low F, 
a shows a super-linear dependence. Eleven of the crystals 
exhibited this property with a power law dependence on F 
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ranging from 1:05 to 1-67. Of the two remaining crystals 
one (batch 10) was linear while the other (batch 1) was sub- 
linear at low F. 


16 


10 


48x10 |_ 


= Ip 

g A Atel -Bé/a 

= ——_ p< x Xey ee Bi/t 
VEG 


He 


10 A 
8 =—6 


10 10" 10 
a (mho) 


x4 


10° 10 
Fig. 2. Variation of performance o/ Ft with photoconductivity. 


All the super-linear crystals gave performance character- 
istics similar in form to those in Fig. 2, namely a constant 
level of performance until o fell to between 10~° and 
10~7 mho, below which the performance steadily decreased. 
In all cases the constant performance level was less than the 
maximum given by Eqn (5). It will also be seen from Fig. 3 
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Fig. 3. Dependence of photoconductivity on the photon flux 


F. The curves for B1/1 and B8/a have been displaced hori- 
zontally to the left by a factor 10. 


that as F decreases, the change from a sub-linear to a super- 
linear variation occurs when 10-7 <a < 107° mho. This 
characteristic was shown by all eleven super-linear crystals. 

In contrast the performances of the two remaining non- 
super-linear crystals decreased steadily over the whole range 
of o. The performance curve in both cases, however, did 
show a marked change in gradient at c~ 10-7 mho. A 
final point of interest concerns the lower curve in Fig. 3 
which, while super-linear at low F, shows a square root 
dependence at high F. 
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Discussion 

The performance data of Figs 1 and 2 are in agreement 
with Eqn (5) with the highest observed performances being 
about 50% of the calculated maximum. It is possible to 
account for differences of this order in terms of a reduction 
in electron mobility due to impurity scattering. The analysis 
of Conwell and Weisskopf (1950), Erginsoy (1950) and 
Conwell (1952) shows that an impurity concentration of 
10'8 atoms cm~? will give in cadmium sulphide a combined 
lattice and impurity mobility of approximately one-half the 
lattice mobility. Reference to Table 1 shows that foreign 
impurities could be present at this concentration level but 
that this would be an upper limit. Anion and cation 
vacancies will also give rise to impurity scattering but an 
application of the method of Kroger ef al. (1953) to the 
firing conditions for batches 1 to 8 gives a maximum vacancy 
concentration of 10!7cm~?. Vacancy scattering should 
therefore be comparatively unimportant. The difference 
between the calculated and observed performance maxima 
can thus be attributed to trapping, to the influence of 
impurities on the mobility or to a combination of these two 
effects. Trapping, however, must be responsible for greater 
differences. 

The general dependence of the performance on o 
shown in Fig. 2 exhibits two distinct trapping effects. For 
a > 10-* mho a constant but smaller than maximum per- 
formance implies that the ratio n,/n is constant. Below 
o = 10~7 mho the continuous deterioration in performance 
corresponds to n,/n rising as o falls due to decreasing illu- 
mination. 7, is decreasing but at a lesser rate than n. The 
transition between these two trapping modes, due pre- 
sumably to two distinct trapping levels, occurs when the 
steady state electron Fermi level (Rose 1957) lies between 
0-36 and 0-42 ev below the conduction band, using a thick- 
ness of 10 y for the conducting layer. 

The change from a sub-linear to a super-linear variation 
of o with F also occurs as the steady state electron Fermi 
level traverses the same energy range. The present results 
are, however, insufficient to decide on the significance of this 
parallel effect. Bube (1956a) has found that in ‘pure’ 
cadmium sulphide crystals, super-linear behaviour only 
occurred when the steady state electron Fermi level lay 
between 0-6 and 0-8 ev below the conduction band. Super- 
linearity was only observed therefore at temperatures of 
150° c or above. Room temperature super-linearity has, 
however, been found in CdS : Cu (Bube 1955), CdS : Cu : Cl 
(Wright 1958) and CdS: Ag: Cl (Avinor 1959). In all 
three cases the impurity or doping concentrations were in 
the range 10!8 to 10!° atoms cm~? and were large enough 
to make the crystals red sensitive. The location of the 
steady state electron Fermi level in these instances is 
unknown. 

In the present work the spectral response of the photo- 
conductivity was typical of that associated with ‘pure’ 
cadmium sulphide crystals and the only significant im- 
purity was potassium at a concentration of the order of 
5 x 10!7 atoms cm~3,. Further work is clearly desirable to 
establish the conditions under which super-linearity occurs. 

As the illumination increases the photoconductivity will 
eventually be determined by direct recombination between 
free electrons and free holes. This situation will arise when 
the free carrier concentrations exceed the concentration of 
recombination centres. Recombination will clearly be bi- 
molecular so that o oc F'/?,_ If, as is likely, the recombination 
process is radiative, the free carrier lifetime, TT, = Tp =T, 
will be quite independent of the defect structure and can be 
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calculated by the method of van Roosebroeck and Shock 
(1954). Applying this method to the measured optical absq 
tion data (Dutton 1958) yields a value of 4-7 x 10~?cm7?) 
for the radiative recombination probability in cadm} 
sulphide at 300°K. The refractive index was assuy 
constant and equal to 2:6. The ratio of the effective m 
to the electron rest mass, for both electrons and holes, } 
assumed to be 0-27 (Kroger 1955). This probability gi 
a capture cross section of 4:7 x 10~!® cm? for the rec¢ 
bination of a free hole with a free electron. With pres 
impurity concentrations in cadmium sulphide radiai 
recombination is unlikely until the free carrier concentrat 
equals or exceeds 10!7cm~3. Taking this figure as 

average concentration in the 10 y thick surface layer toget 
with the radiative capture cross section enables the pho; 
flux, required to produce this carrier concentration, to) 
calculated from Eqn (5). Thus F ~10?? photons cm~? ; 
and is clearly outside the optical excitation range. It 
also of interest to calculate the density of recombinat} 
centres so that direct recombination is still dominant | 
F = 1-4 x 10!5 photons cm~?s~!. The result is that 

density must be of the order of 10!2cm~? or less. Thi 
calculations show that, with present impurity concentratia 
the photoconductivity is unlikely to be determined by dir 
carrier recombination. In particular the dependence o «F 
shown by the lower curve in Fig. 3, cannot be attributed 
direct recombination. 


Conclusions 


The main result arising from this investigation is t 
the performance up to 875 f.c. illumination in cadmi 
sulphide crystals is always less than the theoretical optim 
value. Observed performances generally lie between 
factor five to ten below the theoretical value. This los 
performance has been interpreted as due to trapping eff 
which are revealed by an increase in response times. Fr 
the practical viewpoint this loss is quite significant. A g: 
in response time by a factor five to ten, without loss 
photosensitivity, would enable cadmium sulphide photoc 
to be used in many applications from which they are at pres 
barred. In principle, trapping could be eliminated at le 
over the working range of the crystal. There is, howe 
the possibility that the trapping levels may be associa 
with the recombination centres which determine the pho 
sensitivity. Therefore any attempt to improve performa: 
should first be directed to identifying the recombination a 
trapping centres. 
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iPiistological techniques for electron microscopy. By D. C. 
ith Pease. (New York and London: Academic Press, 
1960.) Pp. xii + 274. Price $7.50. 


Although a satisfactory method of cutting sections of tissue 
hin enough for electron microscopy was worked out quite 
partly in the history of the subject, no detailed treatment of 
whe art has been available until now. The initial ‘proof’ by 
on Ardenne in 1939 that it was mechanically impossible to 
but sections much thinner than 1 micron was followed by 
,jll-advised attempts to cut at extremely high speeds. In 1948 
«Pease and Baker in the United States and Bretschneider in 
,Jdolland showed that the type of microtome used for optical 
sections could readily be modified so as to cut electron- 
Tansparent sections in an entirely orthodox way. Since then 
t great deal of experimentation has gone on into the best 
jmethods of preparing and cutting different biological 
|naterials. 
One of the originators of the technique has now set down 
‘ull details of the various procedures in this very clear and 
vell arranged text. He starts with the statement, born of 
jong experience, that ‘to make successful electron micro- 
sraphs of tissues one must preserve the specimens with skill, 
ection them with art, use an electron microscope with 
inderstanding, and do photography with facility’. The nine 
thapters of his book are planned to purvey all the informa- 
ion required to equip the microscopist in these various arts. 
‘They deal with the collection, fixation and embedding of 
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tissues, the sectioning and mounting of sections, before going 
on to the operation of the electron microscope and the taking 
and processing of the photographs. References to the 
literature are given at the end of each chapter, and some 
notes on the available bibliographies and on the published 
proceedings of conferences are given in an appendix. A 
second appendix gives a useful list of suppliers of equipment 
and materials. 

The treatment is clear and, where the reviewer could test 
it, comprehensive. It is illustrated not only with typical 
micrographs of various tissues, but also by some remarkably 
clear and informative photographs of the main procedures 
of handling, mounting and sectioning specimens. With this 
guide in his hands, anyone new to the subject should be able 
to learn with a minimum of error how to use an electron 
microscope to good advantage in biological and medical 
research. ‘When in trouble, the novice is urged to return 
to the pertinent parts of the text to search for overlooked 
details’, is the author’s good advice. He also stresses that 
the biologist trained in the preparative methods of optical 
microscopy must get used to the refinement of method and 
of manual dexterity which electron microscopical work 
demands. The regular cutting and mounting of sections 
200 A thick and only +45 mm? in area is an art as much as a 
science. Dr. Pease’s handbook is likely to become the 
standard vade-mecum for all who wish to master it. 


V. E. COSSLETT 
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Abstract 


The influence of an electric field on the growth of copper 
whiskers obtained by Brenner’s method, has been studied. 
There is a marked directional tendency during the growth 
process and it is thought that ions may play a part in the 
phenomenon. 


1. Introduction 


growth of copper whiskers has to the best of our know- 
ledge not been studied. 

There are few references concerning other metals. Arnold 
(1956) tried to determine the effect of electric and magnetic 
fields on the rate of growth of tin whiskers on tin plated 
specimens and no effect has been found. Gomer (1958), and 
Melmed and Gomer (1959) have found an exponential varia- 
tion with electric field of the rate of growth of mercury 
whiskers. Lewowski and Sujak (1960) have carried out 
investigations on the effect of the electric field on the growth 
of molybdenum oxide crystals. 

In order to fill the gap we have decided to study the in- 
fluence of the electric field on copper whiskers obtained by 
Brenner’s method. 

As a first step we started our observations on Cul for the 
following reasons: (i) it is comparatively simple to obtain 
copper whiskers from Cul, (ii) Cul has been widely studied 
by Brenner (1959) and Morelock and Sears (1959). 


Tz problem of the influence of an electric field on the 


2. Experimental arrangement 


The experiments have been carried out by using the standard 
Brenner method consisting of a copper boat and upper copper 
electrode; a high tension supply generated the necessary 
electric field. The apparatus is shown schematically in 
Fig. 1. 

The distance between the electrodes was 20 mm and the 
applied electric field varied from several hundreds to about 
2000 volts; higher fields were deliberately avoided, because 
they caused glow discharge which immediately destroyed the 
growing whiskers (Fig. 2). 

During all our experiments the only variable parameter was 
the electric field; the other controlled parameters—tempera- 
ture, the reaction time, the quantity of Cul, the geometry of 
the apparatus—were maintained constant. 

The observations were carried out both without electric 
field and with electric field; the boat and the upper electrode 
were alternately positively and negatively charged. 
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3. Experimental observations 
BHP 


In the absence of the electric field whiskers were ne 
found on the upper electrode; whiskers are formed in ° 


Experiments without electric field 


Rigas 
4, boat filled with Cul; 5, thermocouple; 6, high tensio 
supply; 7, galvanometer. 


1, tube furnace; 2, quartz tube; 3, upper electrode 


lower boat and do not show any directional tendency: 
angles between the whiskers and the surface of the botto 
the boat are random (Fig. 3). 


3.2. Experiments with electric field 


When the upper electrode was positively or sate | 
charged whiskers were always formed on it and this fact a 
to indicate that the material for the whisker structure 
present in the form of ions or polarized molecules. 

The characteristic feature of the whiskers obtained on ft 
upper electrode is their perpendicular direction, i.e. at rig 
angles to the electrode surface (Fig. 4). From this pho: 
graph it is clear that the whiskers follow the lines of fos 
of the electric field. 

When the lower boat, filled with Cul, was positively 
negatively charged, the whiskers were always growing; t 
striking majority of the whiskers shows a distinct directior 
effect (Fig. 5). The whiskers grown in the charged boat < 
much shorter than those grown without electric field; it seet 
that the electric field shortens the length of the whiske 
This assumption is confirmed by the fact that the tips of t 
whiskers grown in the presence of the electric field are 
general ‘unravelled’ or blunt ended (Fig. 6), whereas the ti 
of the whiskers grown without electric field are mos 
thinner and taper; even when the whiskers are thicker, th 
Some whiskers produced probat 
at the beginning of the electric discharge terminate in a b 
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Fig. 2. 


Fig. 8. 


oe 


Fig. 8). The ends of some whiskers are forked (Figs 9(a), (b)). 
[hese branched whiskers occur whether or not an electric 
jeld is present but occur more frequently when it is applied. 


4. The measurement of the electric current 


When the boat was empty, the hydrogen was flowing and 
he temperature was exactly the same as that during the 
yrocess of whisker growth, the value of the current was of 
some microamperes, whereas when the boat was filled with 
Sul and whiskers were growing, the other conditions being 
‘he same as before, the current was of the order of some 
‘milliamperes. This observation supports the view previously 
*xpressed that during the growth of the whiskers ions play a 
very important part. 


5. Conclusions 


The problem of the effect of the field direction still remains 
open. It is necessary to continue the present research by 
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Fig. 9a). 


343 


THE INFLUENCE OF AN ELECTRIC FIELD ON THE GROWTH OF COPPER WHISKERS 


Fig. 4. 


Fig. 7. 


Fig. 9(6). 


using electron microscope and x-ray technique in order to 
study the exact profile of the whiskers, curtailed by the 
electric field, and the microstructure of the branching. 

Further experiments are in progress and the results will be 
published elsewhere. 
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Abstract 


A method is described of determining, with an estimated 
probable error of +4, the percentage of ferrite in a stain- 
less steel weld by measurement of the saturation intensity 
of magnetization of the weld. A calibration curve for 
18/8/1 stainless steel is given, and is correlated with 
curves obtained with iron in wax specimens. There seems no 
reason why the range of 2 to 18% ferrite content actually 
measured should not be extended, using modified apparatus. 


Introduction 


of ferrite and austenite are formed and it may be important 

to have a means of determining the percentage of ferrite 
present. Several methods are available: in the variant of the 
point-count method used at Windscale, a suitably treated 
portion of the specimen is examined microscopically and the 
proportions estimated by the interception of ferrite grains 
on a random line superimposed on the field of view. 

This method is, however, inherently slow and tedious. 
The possibility was therefore examined of utilizing the fact 
that ferrite is ferromagnetic and austenite paramagnetic. 

The most relevant literature discovered (Simpkinson and 
Lavigne 1949, De Barr 1953, Fleischmann 1954) included no 
description of a suitable experimental method. It was at 
first hoped that a simple inductance bridge could be used, 
and that the increase of inductance obtained by inserting a 
specimen into one of the arms would be a measure of its 
ferrite content. To test the method, artificial specimens were 
prepared by suspending in wax two iron powders—M.C.P. 
(Mond Carbonyl Powder) and S.I.P. (Swedish Iron Powder) — 
of widely different particle size, but there was no correlation 
between the results obtained from these two samples. It was 
then decided to attempt to develop a method independent of 
factors like particle size, and this note describes the work done. 


le the welding of some stainless steels, duplex structures 


Theory of method using saturation intensity of magnetization 


As the saturation intensity of magnetization depends only 
upon the nature and amount of ferromagnetic material 
present and not upon factors such as particle size or shape, 
the intensity of magnetization of a weld specimen should 
give a measure of the amount of ferrite present. 

Let a field H be applied along the axis of the specimen, the 
flux being B. Then at saturation 


B— H = 4ml, = of (1) 


where c depends only on the nature of the ferromagnetic 
substance and / is its fraction by volume in the specimen. 

By suddenly withdrawing a search-coil connected to a 
ballistic galvanometer, in presence and in absence of the 
sample, we can measure B and H separately. However, we 
are obtaining cf from the difference of two much larger 
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quantities, thus magnifying any error. If we obtain deflecti 
by suddenly annulling H (switching off an electromagnet) 
same objection applies. In the latter case the main pt 
could be backed off electrically, but difficulties arising fr 
differences in waveform could be expected. If, on the ot 
hand, we hsid the search-coil fixed and suddenly remove | 
sample we obtain a deflection @ proportional to B— 
directly. Thus 
J =k 


where k is a constant depending on c and on the apparat 


Apparatus 


The biggest item of apparatus, an electromagnet, 
borrowed from a ‘Magnafiux’ crack detector: the ease 
which this instrument can be converted to a ferromete 
noteworthy, because many small metallurgical laborato 
already have this type of equipment available. The hi 
and most uniform field, in the gap, could not be used with 
drilling a specimen withdrawal hole through one pole-pi 
at the risk of cold-working it. The specimen and coil w 
therefore placed alongside the gap, which was plane-para 
and fairly wide. The usable field was thus 2200 oersted, 
was found to give a sufficiently close approach to saturatil 
to permit reasonable accuracy (Fig. 1). 


c 16 
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= 58 oe 
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Fig. 1. Showing approach to saturation. 


The coil had 1050 turns wound on a glass tube 14 in. lo 
and just over + in. in diameter; it was connected to a ballis: 
galvanometer. The weld specimen was 3 in. long and 41 
in diameter, which was the maximum diameter obtainable wit 
out including the base plate of the weld. The specimen Ww 
withdrawn sharply from the coil and the deflection was notec 

The field was measured with an accurately made coil 
conjunction with a mutual inductor. 


Results 


Several M.C.P.- and S.I.P.-in-wax specimens were teste 
as well as several 18/8/1 stainless steel weld specimens. T. 
iron content of the wax was obtained by weighings and t 


VoL. 12, JuLy 1961 


arite content of the steel by the point count method with 
a accuracy to +4%. All the specimens were of the same 
mgth. 

Figure 2 is a plot of ferrometer reading (deflection per unit 
toss section of specimen) against percentage of iron by 


xe 
SS 


0 4 8 I2 16 20 
Percentage of iron powder- Cby volume) 


Galvanometer deflection per unit cross-sectional area of specimen 


“) Fig. 2. Calibration of ferrometer with iron-in-wax specimens. 


“olume for the M.C.P. and S.I.P. powders in wax. It verifies 
‘ign (1) and confirms that the reading is independent of 
Marticle size. 


i} 


20 
Percentage of ferrite present in specimen 


0 4 8 l2 16 


Galvanometer deflection per unit cross-sectional area of specimen 


Fig. 3. Calibration of ferrometer for 18/8/1 steels. 


| | A, actual weld (determined by point-count method). 
_ B, iron-in-wax (ordinate multiplied by composition factor 0° 78). 


| In Fig. 3, curve A shows the relation between ferrometer 
}eading and point count estimate for the 18/8/1 weld 


| Discussion 
| The slopes for the iron-in-wax specimens (Fig. 2) and weld 
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specimens (Fig. 3, curve A) do not agree. This can be 
explained as follows. 

According to Seitz (1940), chromium and nickel atoms 
when substituting in the iron lattice act as ferromagnetic 
atoms, the chromium contributing 0-22, the nickel 0:6 and 
the iron 2:2 effective electrons per atom. Let W,, W, and 
W, be the percentages by weight of chromium, nickel, and 
iron in the ferrite, and A,, A, and A; the respective atomic 
weights. Let d be the density of the ferrite and L Avogadro’s 
number. Then the chromium contributes 0-22 LdW,/A, 
effective electrons per hundred cubic centimetres of ferrite. 
The total saturation induction will therefore be 


0223 
( Ai ak 


| 2 
ae ae 


Vid in similar units. 


The densities of different ferrites will agree closely, so the 
factor Ld may be ignored in comparing readings. Assuming 
that the ferrite approximates to the nominal composition of 
the welding electrode W, = 18%, W, = 8%, W; = 74%, we 
obtain 3:07 units for the expression in brackets. For pure 
iron, W, = W, =0% and W; = 100%, giving 3-94 units. 

Assuming also that the M.C.P. and S.I.P. powders are 
pure iron, we should expect to have to multiply every ordinate 
of Fig. 2 by 3-:07/3-94 or 0-78 to make it applicable to 
18/8/1 weld specimens. This gives a line which has been 
plotted as B in Fig. 3, agreeing well with line A drawn through 
the experimental points determined by the point-count 
method. Even if it were assumed that the weld included a 
proportion of material derived from the 18/13/1 baseplate 
the agreement would be little affected since the factor of 
0-78 deduced above must be much nearer the truth than the 
factor of 0-74 derived from the baseplate composition 
Wi = 18 7 Ws = 13 a 69%: 

The departure of the points from the straight line in Fig. 3 
may be partly due to errors of the point-count method. Thus 
an estimate of +0-5 for the probable error in the determina- 
tion of the percentage of ferrite by the ferrometer method 
may be on the high side. 

It appears then that the ferrite content of welds of different 
stainless steels could be found if their compositions were 
known. 

Conclusions 

The method described should give a rapid and reliable 
measurement of the ferrite content of a stainless steel weld. 
It has the advantage of giving directly the mean value 
throughout a specimen of convenient size, thus eliminating 
the need to make a number of determinations at different 
points and then to average them. 
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Abstract 


All Pierce guns which shoot the maximum electron current 
through two identical apertures collinear with the axis of 
the gun have a unique ratio of cathode to anode radius. 
The value of this unique ratio is given for four important 
cases. A simple design procedure and relevant numerical 
data are given. 


Introduction 


N a recent concise review article Meltzer (1959) refers 
[ee to the design of Pierce electron guns for such 
devices as klystrons and mentions the effect of the 
aperture lens on gun design. The gun design problem for 
the axially symmetric case is illustrated in the Figure. One 


focusing electrode 


cathode * profile of electron 


accelerating 
electrode 


Typical Pierce gun and tunnel. Conical beam requires 
OQ =L/2. Strip beam requires OQ = L/4. 


wishes to pass the maximum possibie current, at a given 
accelerating potential, through the two circular apertures of 
diameter d and spacing L. In a klystron the apertures are in 
the wall of a resonator and the region between them is 
assumed field free for the gun design problem. However, 
allowance must be made not only for the diverging action 
of the anode aperture mentioned by Meltzer, but also for 
the beam spread due to space charge repulsion (Watson 1927) 
occurring in the field free region. A design procedure, 
together with relevant families of curves, has been described 
by Spangenberg (1948). A greatly simplified design pro- 
cedure results from recognition of the fact that all Pierce 
guns which shoot maximum current through a tunnel at a 
given potential have, to a paraxial approximation, a unique 
value for the ratio of cathode radius to anode radius. 


Optimum yalues of gun parameters 


This result for cylindrical tunnels has been published by 
Kleen (1958) who obtained graphically a unique value for 
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the optimum cathode to anode radius of r,/rg = 2°15. 4 
present authors have independently derived this re 
(solving the final equation by numerical methods) and 
obtained the value r,/r, = 2°14. The corresponding ve 
of the Langmuir—Blodgett (1924) function «? is 0-946 ce 
pared with Kleen’s value of 0-98. 

Similar results have been derived by the present aut 
for the following cases not previously discussed. 


(a) Cylindrical tunnel with the aperture lens effect remo 
by the presence of a fine grid over the anode aperture. 
Felt, = 1°47 and a* =0°1891. 

(b) Strip beam matched to a pair of identical slits, with: 
a grid over the anode aperture: r,/r, = 2:85, B? =2 
where f? is the corresponding Langmuir—Blodgett (1 
function. 

(c) Strip beam with a fine grid over the anode 
reir, = 1°71, 62 = 4/9; 


Design procedure 


If, for example, a current J is to be passed through a t 
of length L and diameter d the procedure is as follows. 
The necessary accelerating potential V is calculated fr 


1/2 2 
bea -084)?2n¢9(—) y2r(2) 
m Vs 


(Pierce 1949) where e and m are the electronic charge 
mass respectively and 9 is the permittivity of free sp 
Rationalized M.kK.s. units are used throughout. 

If, following Kleen, the current (1) is equated to 
expression for current from a Pierce gun (1/47 times 
spherical-diode current (Langmuir and Blodgett 19% 
multiplied by the solid angle of the segment), then, to 
paraxial approximation (see Figure) 


d 
wip ae 
sin 4 ra 


> 


one obtains | 
i? 180 -084)?a2r, . ' 


Substitution of the prescribed optimum value for «2 allo 
the required value of r, to be calculated from (2). From t 


prescribed value of r,/r,, the cathode-anode spacing follo 
directly: 


ph = (Z = eer 
Cc a » 4+ 60(a2)!/2 . ( 
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Aoreover the cathode diameter d, is simply 
d./d = reir - (4) 


‘hese expressions apply whether or not a grid is used, 
rrovided the appropriate values of «? and r,/r, are used. 
For the case of a beam of current J (per unit length of 
lit) between two slits, each of width d, in planes L apart 
orresponding equations to (1), (2) and (3) are 


ie 1660(~) v32(4) (1) 
| L? = 366r,2 (2) 
| fo th, = (ee ae (3) 


' Since there is a unique value of cathode radius to anode 
jjadius the electrolytic trough analogue for the determination 
yf the electrode shapes for the Pierce gun may then be of a 
iniversal character. The anode and cathode radii may be 
Whe and only 0, the semi-angle of the beam, need be altered. 


“(he potential distribution along the beam boundary will be 
he same in all cases and may be computed once for all. 
| iano values are given in the appendix. 


Appendix 


It is convenient to tabulate here computed values of the 
dotential distribution that must be established along the 
seam edge in the four cases quoted, namely the conical-beam 
ind strip-beam systems, with and without a grid covering 
he anode aperture. In a spherical diode or sector thereof, 
“.e. in a conical beam, the potential relative to cathode at 
'adius r is proportional to (@)?/3 while in a cylindrical diode 
5r sector thereof, i.e. in a strip beam, it is proportional to 


(B2\22 


(rein)? 


where «” and [? are the relevant functions of r,/r as computed 
|by Langmuir and Blodgett. In the appended Tables, for 
each of various round-number values of r,/r, there is given 
(i) the value of (r, — r)/(te — rq), that is, the distance from 
ithe cathode as a fraction of the anode spacing, and (ii) the 
value of the potential V at the point as a fraction of the 
janode potential V,. 
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THE MATCHING OF PIERCE GUNS TO TUNNELS 


Computed potential distribution in Pierce guns matched to 
tunnels as described in the text, and consequently having values 
Of re/t_ and « or B? (at the anode) as stated 


Conical, with no grid Strip, with no grid 


US ait (a), = 0-946 ue = 2°85 (62)a = 2°59 
va Ya 


To Tole Ka To foil: Ve 
r Te — Va Va r To — Va Va 
1:05 0-089 0-0186 ical 0-140 0-0458 
1:10 0-171 0-0469 2 0-257 0-108 
T5024 55 00797 ios} O:3568) 0517S 
120 RO S18 sO AG 1-4 0:440 0-239 
es, Wesrls (Worley! Woe) 0-514 0-304 
1:30 0°433 0-194 1-6 0-578 0-367 
1-35 0-486 0-236 1:8 0-685 0-488 
1-40 0-536 0-279 220 0-771 0-600 
theZls) prey? (W)e373! 29 0-841 0-705 
55 ORO 025m OC S69 2°4 0-899 0-803 
1:60 0-704 0-462 2°6 0-949 0-895 
On OD 2 OD) S 2°8 0-991 0-981 
1:80 0-834 0-655 
SOR OCSSOMmmO D> 
2-00) 029338) 0285/7 
2M) (elke) WeQey, 


Conical, with grid Strip, with grid 


Die CH), = Ooi Te _ 1-71 (G2), = 0-444 
Ta, Ya 


To fo? Ag ro fo V4 
re To — Ta Va r To — Va Va 
1:05 0-149 0-0544 1:04 0-0927 0-0326 
1-10) 022845) 02137 oul O2219 ROOD 
1S OF4 05a 02233 flop 0-402 0-248 
or) Wospil  _-Me2ike tho} 0-556 0-399 
1-25 0:626 0-450 1-4 0-689 0-550 
130 07/22 02568 INOS) 0-803 0-700 
135 OSS 0-690 1-6 0:904 0-845 
1:40 0-894 0-817 Wed 0: 9935 OL9S7; 

1-45 O-971 0-946 
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CORRESPONDENCE 


The rheological equation for a viscoelastic fluid gives the 
response of the material to any imposed stress or strain. A 
certain amount of qualitative information may be derived 
from the study of mechanical methods or analogies which 
are designed to duplicate the observed time dependence of 
a real fluid: their behaviour is often more easily visualized 
than that of the corresponding fluid. 

The models are generally made up of combinations of 
springs and dashpots, representing the elastic and viscous 


Shear rate 


Fig. 1. 


properties of the fluid respectively. The basic elements of 
the mechanical models, i.e. the Voigt element, a parallel 
combination of spring and dashpot, and the Maxwell 
element, a series combination, cannot by themselves demon- 


Size distribution determinations of non-volatile droplets by light and electron microscop 


A method of replicating spread droplets originally described 
by the author (1959) necessitated the droplets being sampled 
on to a thin wet film of gelatin and therefore limited the 
method of sampling to either electrostatic precipitation or 
sedimentation. A non-volatile droplet of 10 diameter 
when spread out as a biconvex lens on the gelatin surface 
required a depth of gelatin of only | » in order to be faith- 
fully replicated. It has now been found that if the droplets 
are sampled on to a dry gelatin film it may be easily recon- 
stituted to a sufficient depth to allow replication of the 
droplets to take place. Use of a dry film enables the applica- 
tion of the replicating technique to be extended to sampling 
by impaction and thermal precipitation. 

The gelatin film is prepared by spreading a thin film of 
2°% gelatin-water solution on the cleaned sampling surface 
and allowing it to dry. As soon as the droplets have been 
sampled the deposit should be heavily breathed on. The 
surface of the gelatin is thereby reconstituted into a wet 
film of depth sufficient to allow the droplets, which spread 
to form plano convex lenses on the dry gelatin, to become 
biconvex lenses which will be replicated when the film dries 
again. This replicating stage is complete in a few seconds 
(compared with approximately 30 minutes for ‘wet’ sampling 
(Harris 1959)) and reduces to a minimum the possibility of 
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strate the non-linear relation between the applied shear sti 
and the shear rate, characteristic of real viscoelastic fly 
(Fig. 1). It would be possible to model these by usin) 
spring with a non-linear characteristic in the element, but | 
analogy is then too complex for demonstration purposes. 


1) 
| 


Load 


Extension 
Fig. 2. 


The Bingham plastic with its yield stress may be dem 
strated by using a cylindrical spring wound with inter-tu 
pressure. With such a spring the adjacent coils exert) 
pressure between themselves when the spring is unload 
the application of a tensile load reduces the inter-t 
pressure, giving the load-extension characteristic of Fig. 
which may be compared with the relationship for the Bingha 
plastic of Fig. 1. 
Department of Engineering, 
University of Manchester, 
Manchester 13. 


wi 


P. G. MorGAN 
21st April 19% 


any change in droplet diameter due to ageing. For electre 
microscopy the droplets are washed away and collodion at 
carbon replication carried out as previously described (Hars 
1959). If light microscopy is to be undertaken it is advisabl 
but not essential, to wash away the droplets before dire 
examination by either lightfield or darkfield illuminatic 
(Fig. 1) or phase contrast. The last is desirable for his 
magnification examination. The replica diameters a 
converted to droplet diameters by applying the spread fact: 
which is determined in the same way as that for a wet gelat 
film (Harris 1959). 

The reliability of the dry film method has been careful 
checked with the wet film method by doing a series of simu 
taneous spread factor determinations for different drop] 
clouds and sizes and, in each instance, the values obtains 
have been in close agreement. Further confirmation of tl 
accuracy of the method was obtained by sampling a dropl 
cloud on to dry gelatin film with the conifuge (Sawyer ar 
Walton 1950). This instrument samples the droplets in suc 
a way that they are deposited in a complete spectrum accor 
ing to their settling velocities. Since in the present case « 
the droplets were of the same density, at any point of fl 
deposit they were all the same size and, although they h: 
spread, their true diameter was known. Hence in ai 
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‘gion of the deposit a direct check was provided for the 
ilues obtained by the dry gelatin method and agreement 
as again found to be close. 

hess valuable feature of the dry gelatin film technique is that 
permits complete assessment of an aerosol consisting of 


Anthracite particles and oil droplets (darkfield 
illumination) 250. 


Fig. 1. 
,;on-volatile droplets and particulate matter. The latter 
{gould not be readily water soluble otherwise errors may 
,jrise in the reconstitution stage. When electron microscopy 
| f the sample is to be carried out, the particulate matter 
hould in addition be insoluble both in benzene, which is 
,}sed to wash away the droplets prior to collodion replication, 
‘jad in the solvent of the collodion solution. The reconsti- 
ition stage will cause the particulate material to become 
artially embedded in the gelatin and, for electron microscopy, 
wo ways of final processing are possible. If structural 
iformation is being sought, a collodion replica may be taken 
f both the droplet impressions and the exposed portion of 


\_reep of cylinders in torsion 


“he creep of bodies in which the stress is not single valued 
3 frequently of practical interest. Popov (1949) has pre- 
ented an iterative method for calculating the creep of a 
eam under bending stresses, which takes transient creep 
ato account, and is based on the known creep equation for 
ingle valued stresses. 

_ As a method of testing isotropic materials when the tem- 
yerature of the environment is difficult to control, angular 
eformation has the advantage that it is free from thermal 
xpansion errors. This has led to a wide use of torsional 
Teep as a laboratory method and the technique has been 
ised with high sensitivity (Johnson 1950). 

_ When the specimen cannot be in the form of a thin walled 
ube, as in Johnson’s work, the problem arises which is the 
onverse of that considered by Popov, namely, to what 
xtent is the creep of a solid cylinder in torsion representative 


if creep at a single valued stress? 
This note presents a simple analysis which shows that the 
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the particles and dry stripped from the gelatin (Fig. 2). If 
size distribution determinations are to be made, the collodion 
replica is freed by dissolving the gelatin. Only the droplet 


Fig. 2. Carbon replica of oil droplet impressions and 


anthracite particles. x 10000. 
impressions are replicated whilst the particles themselves 
adhere to the collodion. 

The improvement in technique described was developed 
while the author was working at the Chemical Defence 
Experimental Establishment, Porton Down, Salisbury. 


W. J. HARRIS 


Experimental Station, 
25th April 1961 


Microbiological Research Establishment, 
Porton, 

Salisbury, 

Wilts. 


1959, Brit. J. Appl. Phys., 10, 139. 


Harris, W. J., 
1950, J. Sci. Instrum., 


SAwy _r, K. F., and WALTON, W. H., 
if, YP. 


observed deformation is closely similar to that under a 
single valued stress, even when the creep rate is highly stress 
dependent. The appropriate single valued stress appears 
from the analysis. A numerical example is given. It is 
apparent that tubes having comparatively thick walls give 
results of high accuracy, and that in many cases the accuracy 
obtained using solid specimens is adequate. 


Symbols 


g(t), total angular deformation per unit length; «., elastic 
component of angular deformation; «,., creep component of 
angular deformation; o, shear stress; S, shear modulus; 
G, couple on cylinder; r, radius of an annular element of 
material; R, radius of cylinder; R;, intermediate radius having 
stress at which creep under single valued stress is considered; 
f =r/Ri; F = R/R;; A, B, a, 6 and n are constants of the 


material; k = A(oR; yb e- at 


BRITISH JOURNAL OF APPLIED PHYSICS 


CORRESPONDENCE 


Theory 


It is required to evaluate g(t) in terms of (%)x;- The 


couple on the cylinder is 
R 
Gi= I 2rr2odr 

0 
R 

= [ 2nr3Sa.dr 
0 
R 

= I DarS(eu) = eae 
0 


Consider creep under a constant couple, and make the 
approximation that S is constant. By inversion symmetry 


and the boundary conditions, g(t) is independent of r. Thus, 
differentiating with respect to f, 

ee 

ey | ice. (1) 


Now take a popular expression for the creep behaviour of a 
material, both transient and steady state (Finnie and Heller 
1959), 


B HW 
jae —(1 + Ao? eat), 


The creep rate at the general radius r, in terms of the rate at 
the particular radius R;, is then 


(é.), =r ion + SoRy tif? — pena} 


whence, by integration, Eqn (1) becomes 


4 Lae ie 
F4- a4 PRC 


kprtb+3 
n+b+3/° 


= (&)R° (2) 
As transient creep dies away and k approaches zero, 


fied 


: : 4 
& > (rR, zi naa . 


This equation defines the appropriate value of R;, since we 


wish to obtain g = (a,)r;. Thus 
1 
5 n+3 n + 3\n-1 
fa 1 = Mar ie or Rj = R( 4 ) 


With this value of R;, Eqn (2) becomes 


F k 1 4 Boy =1 
¢=Goe[1 Ff n+b+3\ 4 


ie. the deformation is that observed under a single vay 
stress in so far as 
n+b—i 
k 1 4 n+ S n—l 

reac hob oe ee 
This inequality indicates the maximum difference betwe¢} 
and (,)r, when k is large, which is at the commencemen} 
creep. As k decreases the difference decreases. It is | 
apparent that g = (&)r, if the stress dependence of | 
steady and transient components of the creep is the sa 
for then b = 0. 

A numerical example of interest to the author is provi| 
by the data of Manjoine and Mudge (1954) on zirconiu 
400° c and 6000 lb/in?, for which n = 8 and b = — 2. 
other constants are A =7 x 10!!g2cm~*4, a =5 x 10-®¢ 
and B=4 x 10-*gm-*cm!®s '. These valuesms 
& = 0:92%(a,)r, at t=O and g = 0:99%(a,)r, at t = 214 
Thus, though the creep rate varies as the eighth power of 
stress, the observed rate of deformation never differs by 
much as 10% from the creep rate appropriate to a sir 
valued stress. 

For a tube of similar material, g differs by less than 
from (&,), at the commencement of creep if the wall thickr) 
of the tube is less than 0:14 R;. For this wall thickness 
is 101% of the mean radius. 

While similar analysis can be made using other c 
equations for specific materials, these examples show t 
the existence of multivalued stress is not a severe handicay} 
torsional creep experiments. 


\ 


R. V. HESKETE 
26th April 1 
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(OTES AND NEWS 


| New books 


‘\fagnetic materials. By F. BRAILSFORD. (London: Methuen; 
New York: John Wiley, 1960.) Pp. vii + 188. Price 
16s. 


he first version of Professor Brailsford’s book on magnetic 
aterials is well known and many of us have used it fre- 
‘waently. It has now been almost completely rewritten and 
‘puch improved. Quite a lot of the very latest information 


‘The rationalized M.K.s. system of units is used through- 
it the book, and no concession is made to those of us who 
lite old fashioned enough to think in gauss and oersteds. 
‘ee will not even find these quoted by the side of the new 
. jaits, as is so often done in recent books. Whilst welcoming 
ie principle underlying this policy, it does make life some- 
‘ines a little difficult, and a little less austerity would have 
pen very welcome. 

i The first chapter is called ‘Introductory’ but does not 
fways seem to be sufficiently general. For instance, it goes 


otes and comments 


"/.S. National Bureau of Standards 


| The U.S. National Bureau of Standards announces the 
lublication of two new Handbooks—(i) Report of the 
yternational Commission on Radiological Units and 
feasurements (ICRU) 1959, Handbook 72, superseding the 
956 report which was published as Handbook 62; (ii) X-ray 
/rotection up to Three Million Volts, Handbook 76, prepared 
tty Sub-Committee 3 of the National Committee on Radiation 
|rotection and Measurement. Both are available from the 
uperintendent of Documents, U.S. Government Printing 
fice, Washington 25, D.C., price 65 cents and 25 cents 


\Jectro-Heat Congress 

| The British National Committee on Electro-Heat reports 
lnat the complete Proceedings of the 4th International 
Songress on Electro-Heat, held in Italy in May 1959, have 
ow been published in two volumes. Volume | contains the 
rogramme and a general report of the Congress, all the 
ontributions to the discussions and a complete index. 
7olume 2 includes in full all the 185 papers presented at the 
Songress. The papers range over the whole field of electric 
wrocess heating, and are divided into ten sections: develop- 
ment of electro-heat in various countries, influence on 
woductivity, statistics; electro-heat applications in the 
oundry; in ferrous and non-ferrous metal melting; in heat 
reatment, brazing, welding, etc.; in ceramics and glass; in 
vood, plastics, textiles, rubber and leather; in the foodstuffs, 
hemical and pharmaceutical industries; in electrochemistry 
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into details of the mathematical expression of eddy current 
losses in laminations. The second chapter, however, on 
Ferromagnetic domains and properties of single crystals, 
gives what is to me an introductory and superficial des- 
cription of the fundamental theories of magnetism. The 
above mild criticisms of positioning of subject-matter are 
the only ones I have to make. 

The remainder of the book presents the information about 
magnetic materials which most users would require in a 
very clear and relevant form, and the physics, chemistry and 
often metallurgy underlying the various observed character- 
istics is well presented. With the inclusion of a chapter on 
ferrites, the book is certainly complete and in its present 
form covers the entire subject. 

The diagrams are very informative and sufficiently accurate 
to be of quantitative use. On the whole, the book is sure 
to be most valuable for many students and engineers who 
want all the relevant information about magnetic materials 
in a clear and concise form at their fingertips. 

K. HOsELiTz 


and electrometallurgy; technical and economic problems 
involved in the development of electro-heat; problems of 
research and development techniques, temperature control, 
heat transfer, etc. 

Publishers: Comitato Elettrotecnico Italiano, Via San 
Paolo 10, Milano, Italy. Price: 35,000 lire. Further 
information from the British National Committee, c/o 
British Electrical Development Association, 2 Savoy Hill, 
London, W.C.2. 


Fourth Rubber Technology Conference, 1962 


The Institution of the Rubber Industry is holding its 
Fourth International Rubber Technology Conference at the 
Church House, Westminster, London, from 22nd to 25th May 
1962. 

The main sections of the Conference will be: Latex science 
and technology; General rubber technology—equipment, 
processing, compounding and evaluation; Rubber science— 
chemistry, physics, testing, analysis; Materials and pro- 
ducts—rubbers, textiles and ingredients. 

The papers will be available to Conference members as 
pre-prints and each author will be given 10-15 minutes to 
summarize, in order to leave ample time for discussion. 
A large number of papers will be presented by U.K. delegates 
and present indications are that delegates from eleven other 
countries will also present papers. 

Further details regarding papers, authors and officials will 
be issued in due course by the Institution of the Rubber 
Industry. 
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4th international symposium on gas chromatography 


The 4th international symposium on gas chromatography, 
which is also the 41st meeting of the European Federation 
of Chemical Engineering, will be held at Hamburg from 
13th to 16th June 1962. It is organized by the Analytical 
Chemical Division of the Gesellschaft Deutscher Chemiker 
and the Gas Chromatography Discussion Group of the 
Hydrocarbon Research Group of the Institute of Petroleum. 
The main language of the meeting will be English and the 
papers presented will be classified under three headings: 
Theory; Apparatus and Techniques; Applications. 

Preliminary registration for attending the symposium 
should be sent as soon as possible to: Gesellschaft Deutscher 
Chemiker, c/o Dr. W. Fritsche, Frankfurt/M, Postfach 9075, 
Germany. 


Conférence Internationale des Arts Chimiques 


The Conférence Internationale des Arts Chimiques will 
take place from 25th April to 4th May 1962, in the halls of 
the Maison de la Chimie (Centre Marcelin-Berthelot), 28 bis, 
rue Saint-Dominique, Paris (7e). The VIe Salon International 
de la Chimie is taking place at the same time at the Centre 
National des Industries et des Techniques, Place de la Défense, 
Puteaux, Paris. This is an exhibition of the processes, tech- 
niques and plant employed in chemistry and its numierous 
industrial branches. Further details may be obtained from 
the Conférence Internationale des Arts Chimiques, 28, rue 
Saint-Dominique, Paris (7e). 


School of Welding Technology 


We have received details of courses to be held at the 
School of Welding Technology in October 1961 and also a 
provisional future programme for November to March. 

The School of Welding Technology was established by the 
Institute of Welding in October 1957. Full time lecture 
courses, which may last up to one week or more, are held 
in London at the headquarters of the Institute and evening 
courses are held in London and in appropriate industrial 
centres. In general the courses are for engineers, designers, 
metallurgists and managerial and supervisory staff—in all 
cases for men who have received an engineering training. 

Further information may be obtained from the Institute 
of Welding, 54 Princes Gate, Exhibition Road, London, 
SoWiale 


The Third International Congress on Catalysis 


The Third International Congress on Catalysis is to be held 
in Amsterdam from 20th to 25th July 1964. The theme for 
the Congress will be The Mechanism of Heterogeneous 
Catalysis. The Secretary is Dr. D. M. Brouwer, c/o Bad- 
huisweg 3, P.O. Box 3003, Amsterdam-N, Netherlands. 
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COMMENTS 


Notes on the preparation of papers 


We will in future be publishing in each issue of the Jou 
notes on the preparation of papers to be submitted for | 
lication. These instructions will give the main points t 
considered. Full details are available in the Institute | 
Society’s ‘Notes for Authors’, obtainable free of charge f} 
the Editorial Office, 1 Lowther Gardens, Prince Con 
Road, London, S.W.7. 

Authors should submit two copies of their manusc} 
typed in double spacing on one side of the paper, each wi 
set of small copies or prints of the diagrams attached. T] 
should also be two extra copies of the title and abstract | 
a set of fair copies of the diagrams drawn in Indian ink 4 
the lettering in soft or blue pencil. An important poin 
notice is the style of references which should be used. | 
the text references should be made by giving the name off 
author and the year of publication, e.g. (Jones 1942), | 


details should be given in the list at the end where refere# 
are arranged in alphabetical order of authors’ names. | 
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PAPERS 


Improved fluorimeter for uranium analysis. By E. N. Haran. 

Differential volumenometer for measuring minute volume changes in solids. 
R. Lowrie and F. Slish. 

Phase and modulation fluorometer. By J. B. Birks and D. J. Dyson. 

Improved attachment for high temperature single-crystal x-ray work. B 
Barclay and J. D. Donaldson. 


Fixed attenuators consisting of a network of identical resistors. By C. H. Vin} 
A method for gauge factor determination. By I. G. Scott. 
Measurement of friction between rubber-like polymers and steel. By D. 1. Ja 


Electrical micromanometer. By H. R. Hart. 


Method of density determination on a micro-scale. By J. M. Jones. 


RESEARCH NOTES 
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Loading device for x-ray cameras. By R. O. A. Hall. 
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Abstract 


\one-day symposium on electronic devices which work at 
|ium temperatures was held jointly by the Low Tem- 
\-ature Group and the Electronics Group of The Institute 
| Physics and The Physical Society on 15th November, 

\50. The emphasis was on devices which could be used 
| electronic computers. Recently there have been con- 
erable advances in the research on Crowe cells and 
‘otrons. Both devices can be switched at high speed 
‘|, 10-15 ns) and the factors governing their performance 
‘2 fairly well understood. There have been equal advances 
the development of a helium refrigerator of great 
lability and efficiency. With cryotrons, the conditions 
‘ reproducibility are far less stringent than with the 
vhowe cell and, as four terminal devices with current gain, 
ry offer great flexibility to computer designers, being 
able of use both in the store and in logical components. 
e p-n junction, tunnel diode, and cryosar are all based 
‘| semiconductors and all work at helium temperatures. 
ey could be very useful ancillary devices in computers 
sed on superconductors or, on the other hand, computers 
uld be based on these devices entirely and the use of 
yid helium is then unnecessary. However, taking into 
zount the low heat dissipation and close packing feasible 
th superconductive devices (10’ bits in a 35cm cube), 
ere fast computing is concerned the cryotron offers 
rat advantages. It is, moreover, a device of universal 
dlication throughout a computer which may demand a 
w approach to logical design and the layout of the 
tchine. 


{ 
I 


Introduction 


IGHT papers were read at this symposium; they were 
—{ ‘An introductory survey’ by Dr. D. H. Parkinson 
/(Royal Radar Establishment), ‘Superconductors’ by 
, J. M. Lock (Royal Radar Establishment), ‘Crowe Cells’ 
'Dr. E. H. Rhoderick (Services Electronics Research 
boratories), ‘Cryotrons’ by Dr. D. R. Young (.B.M., 
‘lughkeepsie, U.S.A.), ‘Work on cryotrons at the N.P.L.’ 
Dr. J. S. Hill (National Physical Laboratory), “‘p—n 
ictions at low temperatures’ by Dr. A. K. Jonscher (G.E.C. 
search Laboratories), ‘Computers of the future’ by Dr. J. S. 
{l (Ferranti Ltd.), and ‘The cost of using helium devices’ 
‘Dr. E. Mendoza (Manchester University). This report 
‘Immarizes their contents and the subsequent discussions 
ich tended to centre on the use of devices in computers. 
he first part of this report deals with superconductors 
‘ld devices based on them, the second part with low tem- 
irature devices based on semiconductors, the third with 
‘luid helium refrigeration and consequent problems, finally 
‘ne appreciation of the future outlook is given. 


Devices based on superconductors 


rom the time when superconductivity was first discovered 
‘1911 thoughts have turned to possible applications of the 
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jummarized Proceedings of a Symposium on Electronic 
Yevices at Helium Temperatures—London, November 1960 


phenomenon of zero resistivity. The first ideas concerned 
the generation of high magnetic fields in superconducting 
solenoids which has received renewed attention recently. 
Since then there have been many applications of super- 
conductivity most of which have remained inside low tem- 
perature laboratories. The superconducting bolometer was 
developed during the war by Andrews as a detector of infra- 
red radiation and has continued to receive attention. Other 
examples are superconductive amplifiers of very high sensi- 
tivity (e.g. de Vroomen and Van Baarle 1957), the super- 
conducting galvanometer (Pippard and Pullan 1952) capable 
of detecting 10-5 ampere in a resistance of 10~7 ohm, 
besides various switching devices (e.g. Templeton 1960). 

The cryotron was first described by Buck (1956) and was 
soon followed by the Crowe cell (Crowe 1957). These two 
devices and particularly the cryotron have received much 
attention. Two rather similar devices, the persistatron 
(Buckingham 1957), and the persistor (Crittenden 1957) 
have also been proposed though there has been little recent 
work on them. The Crowe cell and cryotron work in quite 
different ways; to appreciate their operation and the signi- 
ficant differences, it is first necessary to outline the relevant 
features of the superconducting transition itself. 

A superconductor is a metal such that below a well- 
defined temperature, the transition temperature T7,, all 
traces of electrical resistivity are non-existent. This sharp 
transition is not only characteristic of pure metals, but also 
impure metals and alloys provided they are sufficiently 
ordered. Thus well annealed tin specimens containing 2% 
of indium can have transitions only about one thousandth 
of a degree wide, even though such an impurity concen- 
tration is sufficient to increase the normal resistivity just 
above the transition to 1000 times that of the purest tin. 
This feature is significant for superconducting devices where 
a reasonably large normal resistance is required. Roughly 
one-third of all the metallic elements are superconductors 
above about 0-1°k. None of the monovalent metals or 
alkaline earth metals are superconductors. There are many 
superconducting alloys some of which have components 
which are themselves not superconductors. 

In the superconducting state the resistance of the material 
is zero. The most sensitive test of this point is provided by 
the Crowe cell itself in which the persistent current shows 
no observable decay over long periods of time. It can easily 
be shown that the resistance in the superconducting state 
must be less than 4 x 10—!4 of its normal value at the most. 
Below T7,, the normal resistance can be restored by applying 
a high enough external magnetic field, the critical field H,, 
which plotted as a function of temperature is parabolic (see 
Shoenberg 1952). The destruction of superconductivity by 
an applied field can be sharp, e.g. 0-1 gauss wide, and forms 
the basis of operation for the cryotron. 

It follows from the property of zero resistance that in the 
superconductive state the value of B, the magnetic flux, in 
the material cannot change if the external field is changed. 
Eddy currents induced on the surface of the metal just com- 
pensate for any change of external field; such currents are 
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‘super-currents’ and flow without decay. However, the 
interesting feature of superconductors is that not only is 
dB/dt zero but so also is the value of B. Thus if a specimen 
is cooled in a magnetic field from above the transition, the 
flux is suddenly pushed out completely as it passes through 
the transition temperature. This is the Meissner effect shown 
first by Meissner and Ochsenfeld (1933). There is a similar 
effect if the external field is slowly reduced through the 
critical value H, at constant temperature. 


drive wire 


evaporated 
metal film 


mica YZ 
substrate (a) 


crossbar 


UZ) 


0” state 
(b) 


Fig. 1. Diagram of Crowe cell. 


When the material is superconducting, the state with B = 0 
can be regarded as that of thermodynamic equilibrium, and 
the critical field curve can be treated as the equilibrium curve 
between the normal and superconducting phases. One can 
then use simple thermodynamic reasoning to show that the 
superconducting phase always has lower entropy than the 
normal phase and is thus more ordered. 

The surface currents, responsible for the expulsion of the 
magnetic flux from a superconductor flow in a surface layer, 


typically about 1000 A thick, which extends to the dep 
which magnetic fields penetrate, the penetration dep 
For specimens of thickness similar to 6, such as the 
used in Crowe cells and cryotrons, there are two imm 

consequences. First the diamagnetic susceptibility | 
below the bulk value 1/47, from which it can be shown 
the critical field is considerably increased. | 

The critical current is also affected in such thin specir 
In bulk specimens the critical current is just sufficies 
produce the critical field at the surface of the wire. For | 
thinner than the penetration depth the critical curre 
less than that required to produce the critical field a 
surface. This is in contrast to the increased critical fiel¢ 
can be shown to be due to the form of the magnetic fielc 
related current distribution through the thickness of the: 

This brief outline of the features of the supercondu 
transition is adequate for the consideration of the Crow+ 
and cryotron. 

The Crowe cell consists of thin tin specimens usually; 
porated on to mica in which there are two D-shaped H 
back to back, Fig. 1(a). It is usually made by leavi 
clear circle in a first evaporation and then depositing 
‘cross-bar’ in a second evaporation. The two states of ¢ 
(0 or 1) are represented by the sense of the persistent su 
currents which can be made to flow round the D-sh 
holes as in Figs 1(6) and 1(c). Drive and sense wires 
arranged above and below the cell. The whole asse: 
may be made by evaporation on to a single substrate, 
insulation between successive conductors being effecte 
evaporated layers of silicon monoxide or other sui 
material. Alternatively the film with the D’s may b 
down first on one side of a mica sheet with the drive 
on the other. The sense wire may then be evaporated 
a second sheet which is then accurately aligned with the 

The mode of operation can be demonstrated in term 
Fig. 2 where the current induced in the cross-bar is s 
corresponding to drive current pulses. The induced cu 
flow in the cross-bar and film so as to oppose any penetr 
of flux into the film, i.e. through the D’s. Assuming 
coupling, during the rising edge of a drive pulse, AB 
cross-bar current, PQS, rises until it reaches the c 
value at Q (determined by the thickness of the film), 
the flux penetrates. During the rest of the rising e 
pulse is generated in the sense wire. At Q the cros 
becomes normal and heat is generated in it. When the 
pulse reaches a constant value, the cross-bar current 
according to the L/R time constant of the cross-bar an 


current 


jo amp | 


Fig. 2. Switching of Crowe cell. 


crossbar current, 
— — — drive current. 
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jjurn path through the film, and eventually reaches the 
\htical value again. The value of the critical current will 
‘jelf have been reduced owing to the heat generated in the 
ijyss-bar. The peak BC of the drive current should be 
\jager than the time constant L/R and the time constant for 
iij2 dissipation of heat to the substrate. When the drive 
Ise is removed CD, the cross-bar current, reflects the change 
ijd a supercurrent is left circulating in the cross-bar. The 
iweration with drive pulses of opposite sign, half pulses and 


peated pulses of the same sign follows logically. 


f 


th those using tin evaporated on to mica, where pulses as 
jjort as a few nanoseconds have switched cells with cross- 
cs of the order of 900 A thick. In general Crowe cells can 

switched with pulses 10-15 ns long and with current 


idainst many half-level pulses. Thus the cell is suitable for 
» with a coincident current drive system. 

ihe Crowe cell is a passive device and the output from one 
jjowe cell cannot drive another. In any computer with a 
re based on this cell, the logic would have to be done using 
yer devices. To utilize the high switching speed, the read 


1, some 107 bits could be contained in a 35 cm cube, and 
» transit time for a pulse to reach the store, cross it once 
j return to the generator is easily made compatible with 
|; Switching speed. A coincident current selection system 
writing and reading has been devised, based on the 
The sense signals have also been shown to be 
ipable of switching Esaki diodes (see below) from which a 
»)d out register would be constructed. These systems have 
mn. described by Lock, Parkinson and Roberts (1961). 

,t has also been shown that heat dissipation in the store 
" ot acritical problem; a repeated switching rate of 50 Mc/s 
ms possible. The mechanism of the return of normal 
fistance in the cross-bar has been studied to some extent. 
ermal propagation of the normal phase along the cross- 
: plays some part and has at least led to the development 
‘another bistable device, the calotron, which had been 
cribed by Broom and Rhoderick (1960); whether this 
if Id be used in computers is doubtful. 

‘The Crowe cell, however, suffers from one serious draw- 
sk, the tolerances which must be set on the critical current 
the cross-bar, on the magnitude of the stored current and 
the drive currents when used in coincident current manner, 
very tight, and at the best are about 7% to 8% for each 
acock 1961). This feature may well prevent the Crowe 
| having any useful future. 

n its original form the cryotron consisted of a straight 
yerconducting wire around which a second superconductor 
h a higher transition temperature was wound as a small 
enoid. The field generated by the solenoid was sufficient 
destroy superconductivity in the straight wire, but not in 
solenoid itself. Such a device could be used rather as a 
iple Post Office relay, but is obviously far too slow for 
ina modern computer. The cryotron has been developed 
consist simply of two thin strips of different supercon- 
stors of different width crossing each other at right angles, 
shown in Fig. 1 of the accompanying article by Dr. D. R. 
ung (this will be referred to again as (D.R.Y.)) One 
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strip of width W,, is the control wire and is usually of lead, 
while the other of width W,, is the gate and is usually of tin; 
W, is considerably less than W,. Such an arrangement 
would usually be made by evaporating the strips on to a 
glass substrate, but interleaved with an evaporated insulating 
layer of silicon monoxide. In use, it is operated just below 
the transition temperature of tin (e.g. 2:9° k) which is far 
below the transition temperature of lead. The tin gate 
remains superconducting for currents below its critical 
current J,. The strip immediately below the control wire 
can be made normal! if a current through the control wire is 
sufficient to create the critical field H, of the gate. Suppose 
the smallest current to do this is i. Then if 7 is less than J, 
the cryotron has current gain g = /,/i or a supercurrent J, 
in a circuit can be switched by a control current 7, Now 
ignoring in the first place any effect of the ground plane, 
H, = ai/W, where « is a constant and the gate current 
I, = i,W,, where i, is the critical current per unit width. 
Hence we can write 


where H; is the surface field produced by the current i, per 
unit width in the gate. We can also write g = f(t, T)W,/W., 
where f¢ is the thickness of the film and T is the temperature 
of operation. If the film thickness is reduced, f decreases 
and so g is impaired. On the other hand, when the gate is 
driven normal the largest possible return of resistance is 
required which implies the use of the thinnest possible films. 
These requirements are conflicting and there is an optimum 
thickness of about 3500 A. As originally made the current 
gain of the crossed strip cryotrons was very far short of the 
theoretically possible values. There have been two factors 
which have completely changed this situation. First the use 
of a ground plane (Young 1959), and second the elimination 
of edge effects in the gate (Delano 1960). 

When a strip conductor runs parallel to a superconducting 
ground plane at a distance small compared with its width 
the image, in the form of supercurrents in the ground plane, 
modifies the current distribution and the field between the 
strip and plane. Between the strip and plane the field is 
virtually doubled and made more uniform, elsewhere the 
field is reduced to zero. The gate current is made more 
uniform across its width and consequently the gate critical 
current is increased. Likewise the resistance restored in the 
gate is virtually confined to a strip of length W,. 

Edge effects arise with evaporated films because there is 
always some sort of penumbra at the edge where the film 
gets thinner and where there can be many defects. Imper- 
fections change the transition temperature and a change in 
thickness will change the critical field, both leading to ill- 
defined transitions. In fact, removing the edges of a film by 
mechanically trimming it produces a very well-defined and 
sharp magnetic transition at a lower field. Similarly the 
temperature transition is also sharpened. Trimming the 
edges does not affect the critical current appreciably. 
Annealing, in which the grain size in the films is made more 
uniform, also improves the transitions. Reduction of the 
critical field obviously increases the current gain. 

Cryotrons which perform in a manner near to the 
theoretical can now be made. Removal of the edge effects 
also greatly improves the reproducibility. Gains as high as 
10 have so far been achieved though 3 or 4 is quite enough 
for most purposes. The time constant for switching L/R is 
governed by the inductance L of the circuit loop involved 
and the value of the restored resistance R. Time constants 
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as small as approximately 10 ns have been observed. Where 
the highest speed is required the restored resistance must be 
high and hence w must be large; in consequence current gain 
has to be sacrificed. Control currents of the order of 500 mA 
are adequate, depending on how close the operating tempera- 
ture is to the superconducting transition in tin. 

The time constant can be shortened by increasing the 
restored resistance which also reduced the mismatch to a 
typical superconducting strip transmission line. To this end 
the ‘in-line’ cryotron has been studied recently. Here the 
control and gate wires are parallel and the section of gate 
which is made normal is very much larger. This arrangement 
is discussed in the accompanying article (D.R.Y.). 

Cryotrons can be used in digital computers in a number of 
ways; the following are three examples. First, they may be 
connected as cross-coupled flip-flops as was originally 
proposed. Second, they can be used as simple switches 
where a supercurrent is switched into one of two paths, each 
path being sensed by another cryotron. Third, Haynes (1960) 
has described an ingenious way in which the information is 
stored as a circulating current in a circuit loop, Fig. 3. A, B 


sense input 


write 
select 


read 
select 


Fig. 3. Cryotron persistent current store. 


and C are cryotrons; a persistent current in the loop abcd 
represents 1 and no current 0. To set up a 1, current is 
applied to wire D and a pulse to E, the gate of B becomes 
resistive and the current in D is diverted through abcd. 
Removal of the current from E leaves the current in D still 
flowing through abcd. The external current supply to D is 
then cut off leaving a circulating current in the loop abcd. 
Sensing a 0 or 1 can be carried out by applying a current to 
wire F, the sense line, and also a pulse to the ‘read select 
line’ G. Current in G makes the gate A resistive, and if 
there is no circulating current in abcd the current in F is 
diverted through the path efgh which contains the gate of 
cryotron C. If there is a circulating current in abcd, the 
current in F cannot flow and is diverted to a parallel super- 
conducting line not shown, so controlling a digit register 
cryotron which will record the stored 1. Units such as in 
Fig. 8 are repeated in square array throughout the store. 
Reading and writing simultaneously but on different parts of 
the store is possible; reading is also non-destructive. 

Tolerances on cryoirons are not at all severe, provided the 
current gain is greater than 1. 


Devices based on semiconductors 


The devices of immediate interest are: the p—n junction of 
which the Esaki or tunnel diode is a particular case, and the 
cryosar. It ought to be possible to make transistors work 
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satisfactorily in liquid helium. In the accompanying 
by Dr. A. K. Jonscher, there is given the general patt 
behaviour of germanium and silicon p-n junctions a 
temperature is lowered. The Esaki or tunnel diode (l 
1958) is a particular case of the p—n junction where the 
of doping in the two halves is very high. In the 
material enough acceptors are present to depress the 
level into the valence band while in the n-type theré 
enough donors to raise the Fermi level into the cond 
band, Fig. 4(a). Suppose the overlap of the band edge 


| 


p N 


Fermi level 


(b) 
Fig. 4. Esaki diode characteristics. 


With no voltage applied across the junction electrons 
pass from the Fermi level in A to that in B and vice ver. 

tunnelling across the junction. This is non-classical pr 

(see, for example, Purcel 1960) and for it to be apprec 

the junction must be very narrow. With a small vo! 
applied across the junction in either direction a current 
flow. However, when voltage V = A/e is applied in 
forward direction the band overlap will be destroyed anc 
currents will tend to zero. For greater voltages the ove 
is completely destroyed, the situation is comparable wi 
normal p—n junction with the corresponding current—vol 
characteristic. The important part of the characterist 
the region of negative resistance, separating the two par 
the characteristic representing stability and in principle t 
two states could be used to represent a 0 or 1 in a comp 
circuit. They represent two different impedances, cc 
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_juently the circuits would have to be arranged to sense the 
‘/mpedance of the device. By biassing an Esaki diode to a 
joint such as A in Fig. 4(b) a very small voltage pulse, such 
\ 's that from a Crowe cell, is required to drive it to the second 
‘jart of its characteristic. This has been demonstrated and 
‘ence Esaki diodes could be the basis of an output register 
‘jor a store composed of Crowe cells. 
' The cryosar (McWhorter and Rediker 1959) is a simpler 
“Yevice relying on the avalanche effect in a semiconductor. 
¥ ‘uppose a sample of germanium which contains n-type 
npurities is cooled and a potential is applied across it. At 
yw enough temperatures phonon scattering of the current 
arriers is negligible and impurities remain as the chief 
ource of scattering. Provided the concentration of impurity 
; not too great then between collisions current carriers can 
,bsorb enough energy from the potential field to ionize 
npurity atoms on collision. Thus when the field is high 
nough the number of carriers increases very rapidly with 
me and avalanching of carriers occurs. With germanium 
t helium temperatures a symmetrical current-voltage charac- 
istic is produced as in Fig. 5. The ‘corners’ such as at X 


Fig. 5. Cyrosar characteristics. 


nd Y can be fairly sharp; compare with Fig. 3 of the paper 
y Dr. A. K. Jonscher. 


Helium refrigeration 


There is a natural reluctance with computer engineers to 
onsider the computer based on cryogenic devices using liquid 
yelium. The first good reason for this is that the refrigerating 
yevice must be utterly reliable and must run reliably for many 
jnousands of hours continuously (1 year = 8760 hours). 
jaboratory helium liquefiers have not been sufficiently 
ieliable by two orders of magnitude. A second reason is that 
juilding computer circuits at room temperature is bad enough, 
{yr many circuits have to be adjusted finally by trial and 
cror, to have to cool to helium temperatures during building 
kould be an almost insufferable difficulty. Once built, the 
jomputer itself must be reliable and withstand repeated 
‘Trouble shooting’ at a late stage would also be 
There are replies to all these objections. 


iarkedly. A first prototype machine designed by A. D. 
ittle for continuous closed circuit operation has 1000 hours 
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operation to its credit without any adjustments whatever. 
(A later report suggests that wear in the driving compressor 
stopped operations at approximately 2500 hours.) This is 
within an order of magnitude of what is required. The 
machine has been described by MacMahon and Gifford (1960). 

The principle of operation can be seen by reference to 
Fig. 6; there R is a regenerator connected as shown to a 


high pressure 
gos A 


exhaust 
—_— 


Fig. 6. 


Principle of helium refrigerator. 


cylinder containing a displacer X. A and B are inlet and 
outlet valves respectively, both at room temperature. To 
begin the cycle imagine the lower end of R cold, the system 
at 1 atmosphere, and B closed. When A is opened to the 
high pressure source gas at approximately 300 lb/in*, gas 
enters the space P above X and fills the refrigerator. Gas 
reaching the lower end of R is cooled. When pressure has 
been built up, X moves upwards, gas is displaced from P 
through R to Q and is cooled in R. Extra high pressure gas 
is drawn in through A during this process. A is now closed 
and B opened. The high pressure gas exhausts through R, 
cooling it in so doing and carrying heat from the low tem- 
perature chamber (Joule effect, and compare Simon expansion 
liquefier). The displacer finally moves downward and the 
last cold gas passes out from Q through R. B can now be 
closed and the cycle repeated. This system is not as efficient 
thermodynamically as the normal expansion engine; this is 
offset, however, by the use of a regenerator instead of heat 
exchangers. Moreover, the only moving part which is 
cold is the displacer which does not do any work and the 
only valves are at room temperature. It is easy to see that 
the regenerator could be placed inside the displacer itself, 
so combining the cylinder and regenerator unit. For the 
production of helium temperatures two models of a three- 
stage machine have been developed, the larger has a refri- 
gerated space of about | foot cube and the smaller a space of 
about four inches cube. Obviously this machine is in its 
early stages of development and the present promising 
results show that the first objection to the use of helium 
can be removed. 

The second objection arises from thinking in terms of con- 
ventional computers in which there are many different types 
of circuit element. Computing circuits based on cryotrons 
are very suitable for design by computers and contain fewer 
individual components. Complete circuits would have to be 
designed and produced in one set of evaporations. In future 
computers of large size and speed it will be necessary to pack 
circuit elements in large numbers into very small volumes. 
According to the devices used, techniques of ‘microminia- 
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turization’ and ‘solid circuitry’ or sheets deposited by eva- 
poration will have to be used. Whether cryotrons are used 
or not we are soon to be faced with the necessity of producing 
complete circuits which work properly at once and need no 
adjustment. ‘Trouble shooting’ and replacement of sections 
of the computer even when cold are not insufferable diffi- 
culties provided the computer is designed with these things in 
view. Remote handling techniques for dealing with circuits 
at helium temperatures are quite feasible. 

As far as cost is concerned, from what is known of the 
present complete Collins type of liquefiers it is likely that 
$50000 should cover a complete installation to deal with a 
10’ bit store. This is not very different from the cost of an 
air conditioning plant to keep a large modern computer of 
similar storage capacity at room temperature. 


The future outlook 


The use of electronic computers is so widespread that it 
would be difficult to list all the many types of problem to 
which they are applied. There is no doubt whatever that 
eventually computers will be used to control all the major 
industrial processes and most of the minor ones too, most 
transport problems, traffic by air, sea and land, communi- 
cations, language translations; besides the more obvious 
design problems. The field of application is so vast that the 
electronic computer will, and is indeed having, an impact on 
our life which is far greater than that of nuclear energy. 
Unfortunately, this is happening with less publicity and far 
fewer people are aware of it. 

It is likely that large central computers having been set-up 
will themselves have to be interlinked to exchange informa- 
tion when necessary. This will magnify time of flight problems 
and consequently computers will have to be capable of 
dealing with several problems at once, ‘switching attention’ 
from one to the other while waiting for data to come in or 
for the answers to parts of the problem. 

Of the devices which have been discussed the cryotron 
stands out as a device which commends itself for use in fast 
computing. If it were not for the need to use helium its 
future would be completely assured; meanwhile since this 
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symposium it is now reported that I.B.M. hope to have 
computer based on this device working in 1963. 


Ministry of Aviation, D. H. PARKINS 


Royal Radar Establishment, 
St. Andrews Road, 

Great Malvern, 

Worcs. 
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i 
Abstract 


he factors controlling the speed of useful cryotron 
jircuits are: circuit geometry, insulation thickness, resis- 
Vvity of superconducting film in normal state, super- 
onducting and transition properties of films used. These 
| ae are discussed in detail and in addition new circuit 
‘pchniques are described that increase the speed of opera- 
‘on to the millimicrosecond range. A new type of cryotron 
‘mentioned that introduces a significantly larger resistance 
1 the normal state. This device is particularly useful for 
id long lines such as encountered in cryogenic memory 
| anes. 


Introduction 


HE Operating speed of wire-wound cryotrons investigated 
by Buck (1956) was limited by the L/R time constant 
where L is the total loop inductance and R the resistance 
> one element in the normal state. The use of thin film 

chniques has reduced this time constant from the order of 
')}-3 second to the order of 10~7 second. However, the L/R 

me constant remains as the chief limitation in speed of 
joeration. New techniques for reducing this to the milli- 
(Microsecond range will be described. 


Operating speeds of simple circuits 


The construction of a simple cross film type cryotron is 
iown in Fig. 1. 


CROSS SECTION 
CONTROL VIEW 
+ 


| GATE ! 


od 
GROUND PLANE ! 


GROUND PLANE 


Fig. 1. Crossed film cryotron. 


For the simple cryotron shown the inductance is given by* 


W, ig Pcgsiowa 
L control — por8d(2 £ Ai us 3) (1) 
c 


* For a discussion of techniques for computing inductance 
king penetration effects into account, see Young ef al. (1960). 
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where [ig = 47 < 10-7, A, = penetration depth in control, 
AcGp = penetration depth in ground plane and A, = pene- 
tration depth for gate. The resistance is given by 


R = R\W./W, (2) 

where R, is the film resistivity in ohms/square. Therefore, 
L, <a a(2 r. iy Ace zi Zs) (Bs) (3) 
R, Ro d W] 


If Agp = Ae = 500A, A, = 1500 4, d = 5000 4 and 
Ro = 4 X 107-3 ohm/square, then 
LJR, = 4:4 x 101° W/W). (4) 


The film resistivity Rp is determined by the gate film 
material and by the thickness. For tin the thickness depen- 
dence is shown in Fig. 2. Lead is used both for the control 


pPx102(oHMS/sQ) 
iD 
an 


S 
© 
t— 


ee ee eal a Ce ee 
THICKNESS x 10m) 


Fig. 2. Resistivity as a function of thickness for thin film. 


film and the ground plane. The penetration depth in lead 
at the operating temperature is 500 A. 

Satisfactory circuit operation requires that the cryotron 
be able to control more current than is needed to do the 
controlling. This ratio is defined as the gain ig9/igg which is 
given by igolicg = f(t, T)Wy/We where f¢ is the film thickness 
and T is the temperature. Data showing the function f(t, T) 
are given in Fig. 3. The resistance increases as the thickness 
is decreased whereas the gain decreases so there is an optimum 
thickness for maximum speed. For tin this is about 3500 A, 
however, the energy dissipated by the circuits during transfer 


+ The reason for this will be discussed later. 
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processes is 4 LJ*, the energy stored in the magnetic field, 
which decreases as the operating temperature approaches 
the critical temperature. For this reason a film 6000 A thick 


10 - d=!0 000 
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(x) 
Gain of crossed film cryotron as a function of reduced 
temperature. 


Bigs 3s 


was chosen for the calculations presented in this paper. Ifa 
gain of 2 is desired the width ratio required is 5. For a more 
complete discussion of the effect of gain on circuit operation 
see Young (1959). 

In a practical circuit the inductance of the interconnecting 
lines must be taken into account and in addition it is generally 
necessary to have one input cryotron drive several output 
cryotrons with the net result that the time constant is con- 
siderably longer than that given by Eqn 3. For the two- 


| [ current SUPPLY 


( oe 


INPUT 
CRYOTRONS 


ey) 


Te 
0 


OUTPUT 
CRYOTRONS 


W 


Fig. 4. Two-input-six-output loop for use in computing. 


input-six-output loop as shown in Fig. 4 the time constant 
iS 


L bo dl (1 | 2AGp | Hie (Fey af 1 fap ds) (5) 
R Ry We d Ry \W, d 


where / = length of the loop including the connecting lines, 
control and ground plane are all made out of the same 
material. For large W,/W, the time constant is determined 
by the devices themselves (i.e. the second term), taking 
account of the fact that there are 6 control lines rather than 
one, where as for small W,/W, the inductance of the con- 
necting lines is important (i.e. the first term). These results 
are shown in Fig. 5. 
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° 
PENETRATION DEPTH GROUND PLANE = 500A 
PENETRATION DEPTH GATE = ISOOA 

GATE FILM RESISTIVITY = 4x1073 OHMS/SQ 


Li = 20 d=5000A 
d=INSULATION FILM THICKNESS g 
f= LENGTH OF LOOP 
Wg=WIOTH OF GATE AND 


10-7 CONNECTING LINES 


=20 d=2500A 


Ly, =10 4=2500A 


TIME CONSTANT SET IN SECONDS 


10-8 
10-9 a \ Sie Si 1 = 
ie) 2 4 6 8 10 12 I< 
Wg/We 
Fig. 5. L/R time constant as a function of width ratio. 


Use of biased structures | 


The strong dependence of L/R on W,/W, leads one to 
everything possible to reduce W,/W,. One way to do thi 
to use biasing, taking advantage of the fact that the i 
characteristics are curved and that a small signal gain can 
greater than one even though the overall gain is less than o 
This is illustrated schematically by Fig. 6. The cir 


BIASING 
die CURRENT 


6 Elise) Aa) 
i 2S ae Can CSREES 


qT, 


Fig. 6. Gain characteristic for cryotrons illustrating the us¢ 
of biasing. 


operates within the square ABCD. The initial starting po: 
for one side of the loop is B whereas for the other side it 
D. Data for actual cryotrons show that W,/W, can 
reduced to at least 2 and still obtain satisfactory operati 
with biasing. This brings the L/R time constant of simg 
loops into the millimicrosecond region. The biasing curre 
can be supplied to an additional film placed on top of t 
control film. 

The use of biasing also permits the possibility of an in-li 
cryotron (see Fig. 7). The overall gain of this device 
always less than one whereas small signal gains of ten ha 
been observed. The operation of this device depends on t 
sign of the control current with respect to the gate current. 
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The characteristic to be expected using a critical field hypo- 


ne ; current density is affected. This is shown by the field plot 
thesis is shown in Fig. 7. This predicts an overall gain of 1 


of Fig. 9. The current density is given by the slope of the 


and an infinite small signal gain, for the antiparallel case. It 


CONSTANT FIELD MODEL CROSS SECTION 


CONTROL Its Ci to “ie! tok io) ° | 
—= H=I,/W x=0 

GATE ig + + + + + + 
——H=(IgtI,)W Xet 


SWITCHING CONTROLLED 
BY TOP FIELD INDEPENDENT 
OF I, 


SWITCHING CONTROLLED 
BY BOTTOM FIELD 


(Gee 2(Ig) 


Fig. 7. 


| Zo] < 2(Tg) 


In-line cryotron. 


s to be noted that i, max occurs for i, = 2i, also that for i, = i, 
_\he field distribution is similar but reversed to that for i, = 0. 
‘hese features are independent of the model used. The 


“op of the control film is determined by i, alone and governs 
“he transition when it is larger than the field on the bottom 
“of the film. For i, = 2i, the fields on top and bottom are 
qual and for i, = i, the field on the bottom is zero. Actual 
‘jaeasured characteristics become more like those described 
bove as the film thickness t becomes larger with respect to 
ae superconducting transition depth X. 

A better model results by assuming that the transition 
cecurs when the current density exceeds a critical value. The 
haracteristics predicted by this model are shown in Fig. 8. 
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Fig. 8. Gain characteristic of in-line cryotron using critical 
current ‘density hypothesis’. 


COTH BY, I, = je fe coTH BY 


iil 


‘he overall gain is less than 1 and approaches 1 with 
acreasing BB = 1/A). The maximum still occurs for 
, = 2i, and i, for i, =i, is equal to i, for i, =0. The 
laximum small signal gain is not infinite. This arises from 
ie fact that although the field on top of the gate film is 
idependent of the gate current the slope and hence the 
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alt 
Bt 
Fig. 9. Magnetic field variation through film for in-line 
cryotron gate. 
curve. The small signal gain increases as ft increases as 


shown in Fig. 10 and approaches the critical field model for 
large Bt. Actual control characteristics are shown in Fig. 11 
and it is seen that they are somewhat similar to the theoretical 
predictions. The overall gain and the small signal gain are 
compared with the theory in Fig. 12. Similar characteristics 
are obtained if the control film is replaced by an external 
magnetic field. 

The in-line cryotron introduces a resistance into the circuit 
that is proportional to the length, typical values being 
0:8 ohm/inch. Therefore, the resistance can be made as 
large as desired at the expense of the space occupied and the 
energy dissipated. For this reason the in-line cryotron is 


2 


Bi=4 
GAIN= 26.3 


Bt=2 
GAIN = 2.76 


Fig. 10.—Effect of ft on gain characteristic. 
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BOTH CONTROL AND 
GATE ELEMENTS 
ARE 0.009" WIDE 
GATE THICKNESS 


= 9000 
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| i ! 
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Fig. 11. Actual characteristic of in-line cryotron. 
particularly useful for driving long lines as would be 
encountered in a large memory array without an excessively 
large L/R time constant. 


Future developments 


The use of biasing techniques and the use of in-line 
cryotrons have significantly increased the operating speed of 
superconducting circuits. Simple loops have been con- 
structed with transfers occurring in 10 ns (Rosenberger 1960). 
Current progress in alloy film technology (Toxen 1960) 
offers considerable promise for further improvements. The 
combination of these techniques should significantly increase 
the operating speed of cryogenic circuits in the future. 
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THEORY 


Tg /Xeo 


= dIq/ dIo(Igx0) 


Fig. 12. Comparison of theory with experimental data fo 
in-line cryotron. 
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Abstract 


\This paper gives a brief review of those low temperature 
properties of silicon and germanium which are relevant 
to the performance of p-n junctions at liquid helium 
\femperatures. Experimental results are presented for 
zermanium and silicon diodes and their interpretation is 
jattempted. It is found that germanium devices behave in 
\a manner similar to room temperature behaviour provided 
the ohmic contacts are adequate. Silicon diodes exhibit 
anomalies owing to insufficient doping of the end regions 
jor to trapping in the base. 


1. Introduction 


\ HE Subject of this paper is the electrical properties of 
| p-—n junctions at temperatures in the neighbourhood of 
4°x and the discussion is limited to ordinary p—n 
unctions in silicon and germanium, to the exclusion of 
‘cunnel junctions. This limitation is justified by the fact that 
‘the performance of tunnel diodes changes very little between 
‘oom temperature and 4°xk and such phenomena as are 
if ibserved have been the subject of recent reviews elsewhere 
-|Hall 1960). The behaviour of conventional junctions, on 
_vhe other hand, appears to have attracted much less attention 
30 far, although some of the phenomena concerned are of 
both practical and theoretical interest. 
‘| This paper starts with a brief review of certain basic 
dyhenomena at very low temperatures, such as conduction of 
turrent, recombination, trapping and injection of excess 
sarriers. It then presents some experimental results relating 
Oo germanium and silicon devices. An interpretation of these 
‘esults is attempted. 


0 


». Conduction of current in germanium and silicon at very low 
temperatures 


The electrical conductivity o in a semiconductor due to a 
jensity m9 of free electrons may be expressed by the familiar 
‘ormula 

(1) 


where e is the electronic charge and p, the electron mobility. 
At very low temperatures the magnitude of the conductivity 
iscribable to free carriers is therefore determined by the 
emperature dependence of mp and wy. 

The density of free carriers in germanium at liquid helium 
‘emperature is very much lower than at room temperature 
out not necessarily negligible. In uncompensated n-type 
material containing a density Np of donors not exceeding 
some 10!5 cm~3 the equilibrium density of free electrons is 
ziven by (Smith 1959) 


T = CheNo 


p-n junctions at very low temperatures 


by A. K. JONSCHER, B.Sc., Ph.D., A.M.I.E.E., A.Inst.P., The General Electric Company Limited, 
{Central Research Laboratories, Hirst Research Centre, Wembley, Middlesex 


is the effective density of states. Eqn (2) is valid provided 
that any compensating minority impurity density N, is less 
than mg, otherwise the following relation applies: 


No 


Se €q (3) 


2Na 


Carrier densities between 10° and 107 cm~? would not be 
uncommon in uncompensated germanium at 4°k, con- 
siderably lower values applying to heavily compensated 
material. 

The same formulae, when applied to silicon, give completely 
negligible carrier densities on account of the substantially 
smaller exponential factors. 

With regard to mobilities of free carriers in silicon and 
germanium it is difficult to find experimental data at tem- 
peratures below 10°k. Some of the available data relating 
to higher temperatures are summarized in Fig. 1. The 


| Figures denote 
room-temperature resistivity 


{0 {00 


T CK) 
Temperature dependence of mobility of electrons and 
holes in silicon and germanium. 
A, Putley and Mitchell (1958); B, Swartz (1960); C, Debye 


and Conwell (1954); D, Logan and Peters (1960); E, Morin 
(1954). 


Fig. 1. 


importance of ionized impurity scattering which gives rise 
to a temperature dependence of the form 


Ny = (NpNc)'? exp (— €4/2kT) (2) wo T3? 
where €, is the activation energy of donors and can be seen from these curves. Ionized impurity scattering 
No = 2(2am,kT/h?)3!? ~ 2 x 10873 is very sensitive to the presence of compensating minority 
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impurities, since a density N, of such centres gives rise to a 
density 2N, of oppositely charged ionized centres. It 
follows, therefore, that the value of room-temperature con- 
ductivity, being independent of the degree of compensation, 
gives no guidance as to the value of conductivity at liquid 
helium temperature. 

The electrical conductivity may not necessarily follow the 
law given by Eqns (1)-(3) down to very low temperatures. 
When the free carrier density becomes very low due to the 
presence of compensation or to a high impurity activation 
energy, a different conduction mechanism may become 
dominant. This is due to ‘hopping’ of bound electrons from 
occupied impurity centres to neighbouring unoccupied ones 
without the need for excitation into the free band. This 
mechanism depends very critically upon the density of 
majority impurity and upon the degree of compensation 
(Miller and Abrahams 1960, Fritzsche and Cuevas 1960). 
Its temperature dependence may be expressed by the formula 


GAC exp (— €3/kT) 


which is similar to Eqns (2) and (3), but the ‘activation energy’ 
€; in compensated material is much lower than the impurity 
activation energy €g. This mechanism effectively sets a lower 
limit to the conductivity at low temperatures in germanium 
and silicon. 

At sufficiently high impurity densities, of the order 
10! cm~3 in germanium and 10!8 cm~? in silicon, the mutual 
interaction of impurity levels gives rise to the formation of 
a quasi-continuous band of energy levels. At the same time, 
the shape of the lower edge of the conduction band may be 


ed jEneray jEneray 
conduction 
band 
af ‘= 
—=——> impurity 
discrete band 
impurity level 


Density of states Density of states Density of states 


a b Cc 


Fig. 2. Impurity band formation (diagrammatic) as a func- 


tion of the density of the majority impurity. 
(a) low; (6) intermediate; (c) high. 


substantially affected (Fig. 2). One consequence of this state 
of affairs is a reduction of the impurity activation energy. 
The impurity band, so long as it remains separate from the 
conduction band, should be completely filled in the absence 
of compensating impurities. The presence of such impurities 
would lead to a decrease of electron density in the impurity 
band. However, experimental results for n-type germanium 
(Fritzsche 1958) suggest that addition of compensating 
impurities reduces the impurity band conductivity, which is 
not compatible with the simple model outlined above. 
Measurements on n- and p-type silicon (Swartz 1960) are 
not conclusive because the degree of compensation was 
unknown. 

Further increase of impurity density, to 10!8cm-3 in 
germanium and in excess of 10!° cm~? in silicon, leads finally 
to complete merging of the conduction and impurity bands 
(Fig. 2(c)) and the formation of a fully degenerate, quasi- 
metallic electron population. This state of affairs has as a 
consequence an effective reduction of the energy gap between 
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the (non-degenerate) minority band and the degener: 
majority band. 

To sum up, the following points relating to the electri 
properties of silicon and germanium at very low temperatu: 
are relevant to the present discussion of p-—n junctio: 
Provided the material is non-degenerate, the conductivity 
several orders of magnitude less than at room temperatu 
The precise value of conductivity at a given low temperatu 
depends rather critically on the compensation and may vé 
over several orders of magnitude between different specime 
of the same room temperature conductivity. The mobil 
of majority carriers, in so far as it corresponds to motion: 
the conduction band, varies over wide limits and is also vé 
sensitive to the extent of compensation. The mobility in t 
impurity band may be much lower than in the conducti: 
band. 

An important new phenomenon sets in at electric fiel 
exceeding a certain critical value—in germanium this m 
lie between 5 and 150 v/cm, depending on compensation a 
doping level. Above this critical field the stray free carric¢ 
acquire sufficient energy to ionize the impurities by impé 
and cause an avalanche-like increase of conductivity, show 
in Fig. 3, to values approaching the room-temperature ord 
(Koenig 1958, 1959, McWhorter and Rediker 1959). TE 
effect is especially important in germanium, although it 
reported to have been observed in silicon at much high 
fields—10?-10? v/cm (Kaiser and Wheatley 1959). | 


Teme eat fen 
Ny~5xl0"/cm> 


d.c.data 
rt ~++* pulse data 


01 10 {0 
— (V/cm) 


Fig. 3. Conduction of current in n-type germanium (after| 
S. H. Koenig 1958). 


The dynamic equilibrium between the rate of ionizatic 
by impact and the rate of recombination by capture of fr 

carriers in ionized impurities determines the degree 4 
ionization of impurities as a function of the electric field. 


3. Generation—recombination relations 


The equilibrium densities my and po of free carriers in th 
conduction and the valence bands are maintained by a twa 
way traffic of electrons between these bands. Any attemg 
to upset these equilibrium densities by withdrawal of eithé 
or both carrier species or by injection of excess carriers 
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umediately counteracted by a net generation or recombina- 
on, respectively. 

Interband transitions may be direct or by way of inter- 
eit levels, referred to as recombination centres. The 
|tter transitions are by far the more probable and they 
ay be described in terms of the familiar relation (Rose 1957) 


| dt/t = vaNadt 


jhere dt/7 is the probability that a carrier will be recombined 
j2 one of the recombination centres in a time interval dt, v 
|,the average thermal velocity of the carrier, o is the capture 
joss section of the recombination centres for the relevant 
i species and N is the number of centres capable of 
\pturing the carrier. The quantity 7 is frequently referred 
as lifetime. 

.The actual process of recombination on one intermediate 
wel is a two-stage process: thus a free electron may be 
fptred first and the centre becomes recharged, whereupon 
hole is captured and the centre returns to its initial state. 
VO capture cross sections are, therefore, involved and they 
je likely to be very different since in one of them the centre 
, usually neutral, while in the other it is attractive to the 
her carrier. Thus we may have reactions of the type 


electron + CX —~C7— 
C~ + hole > C* 


yere CX and C” refer, respectively, to the neutral and 
gatively charged states of the capturing centre. 

The total rate at which electrons are being captured is 
e0-V., while the total rate for holes is pu,o,N,. In steady 
ite both rates must be equal, so that: 


nv.oeNe as PUnonNn 


th the obvious additional condition: 
Ne t= Np — IN Gotals 


{Knowing that these recombination-generation rates lead 
| values of lifetime in the range 10~7-10~3 s in silicon and 
jrmanium at ordinary temperatures, the question arises 
the likely values of lifetime at very low temperatures. 
land n are, of course, very strongly temperature dependent 
d the velocity v is proportional to T'!/*,. The capture cross 
ctions o, and o, may in some cases decrease very rapidly 
th temperature (Lax 1960) but, on the scant available 
lidence (Lax 1960, Bemski 1958), may in other cases remain 
jasibly temperature independent (Fig. 4). For example, 
juile the capture cross sections Au,t and Au, increase 
pidly as the temperature falls, the cross sections Au, * and 
j1,.% for the complementary transitions retain their order 


= 
w 


Ax 
B 


log o (¢ in cm?) 


Rig. 4. Trapping capture cross sections in silicon and 
germanium. 
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of magnitude. The latter will therefore remain the rate- 
determining quantities in the recombination process. Thus, 
on balance, bearing in mind the reduction of carrier densities, 
one concludes that the thermal transition rates in the bulk 
are very much reduced at low temperatures compared with 
room temperature. This result is, of course, compatible 
with the scarcity of energetic phonons which could provide 
the energy for these transitions. A similar conclusion applies 
to the surface transition rates. 

One would therefore expect that all device phenomena 
depending upon thermal generation due to the removal of 
one or both carrier species, whether at the surface or in the 
bulk, would be very appreciably slowed down. Examples of 
these are, in particular, space charge region generation in 
reverse-biased junctions and the operation of so-called ‘ohmic’ 
metal-semiconductor contacts. 

It is otherwise with recombination in the presence of 
injected excess carrier densities. Here p and n may well 
reach values comparable with those obtainable under room- 
temperature operation. Thus the recombination rates for 
equal injected carrier densities may be of similar orders of 
magnitude at room temperature and at liquid helium 
temperature. 

There is no experimental evidence concerning lifetime at 
liquid helium temperature. Broad trends discernible in the 
range 100-300° k indicate a decrease of lifetime with tem- 
perature (Kalashnikov 1959, Goldstein, Mette and Gartner 
1959) or, as with Au recombination centres, an almost 
constant value. Experimental evidence relating to the per- 
formance of diodes and transistors at liquid helium tem- 
perature suggests that lifetime in germanium at reasonable 
injection levels is not orders of magnitude lower than at room 
temperature. 

The very large increase of some capture cross sections, 
especially those for shallow impurity levels, whilst not neces- 
sarily entailing a comparable increase of the recombination 
rate, nevertheless implies heavy trapping of carriers in these 
states. At the same time, the low generation rate means low 
probability of re-excitation from these traps—once trapped, 
carriers may remain in deep traps for hours or as long as the 
temperature is kept low. 

Trapping on ionized donor or acceptor levels may become 
especially pronounced at high injection levels, thus countering 
the ionizing effect of the electric field in germanium. 


4. Metal-semiconductor contacts 


At normal temperature certain metal-semiconductor 
contacts may be presumed to possess ‘ohmic’ properties. 
This implies that they can supply majority carriers at any 
required rate with negligible potential drop across the 
contact. These requirements can be satisfied if the contact 
has a very high generation-recombination rate and if any 
potential barrier associated with it is small in comparison 
with the thermal energy kT. The latter condition is usually 
met in low-resistivity material and hence the emphasis on 
n-n.—metal and p-p ,—metal structures as ohmic contacts. 

The situation can be radically altered at very low tem- 
peratures by the fact that, on the one hand, the thermal 
generation rate goes down very appreciably and, on the other 
hand, the importance of even small barriers is greatly mag- 
nified by the smallness of kT. 

The application of ohmic contacts for low temperature 
operation to germanium does not present any serious diffi- 
culties. All alloyed contacts and some soldered ones are 
adequate for most purposes. This is at least partly due to 
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the small activation energy of impurities in this material. 
In silicon, on the other hand, with four times the activation 
energy of germanium, the situation is rather different. 
Ordinary soldered contacts are seldom adequate. More sur- 
prisingly, perhaps, even alloyed contacts appear in many 
cases to be non-ohmic and the safe way of obtaining a good 
ohmic contact at very low temperatures between non- 
degenerate silicon and a metal is by the intermediary of a 
strongly degenerate layer of the same type of conductivity. 
This implies an impurity density in excess of 10!? cm~ 3. 


5. Injection of excess carrier densities 


The injection of excess carrier densities at very low tem- 
peratures follows the same rules (Jonscher 1960) as at room 
temperature, but some of these rules tend to be sufficiently 
taken for granted to be overlooked. The essentiai criteria 
for injection are: 


(i) The presence of a source of free carriers—this implies 
a fully degenerate region at least on one side of the junction. 

(ii) The reduction of the diffusion potential to a value not 
exceeding several k7—that means some millivolts. 

(iii) The availability of excess majority carriers from the 
‘back’ contact, to neutralize first the fixed space charge and 
then the injected minority carriers. 

This requires an ‘ohmic’ contact at the other end. 

Once injected the excess carriers diffuse, drift and decay 
as usual but certain complications may arise. The drift 
mobility may differ from the relevant mobility in the absence 
of injection if the latter corresponds to impurity band con- 
duction, since minority carriers are not subject to impurity 
band effects. Likewise, it is possible that at sufficiently high 
injection levels some of the compensating majority charge 
may no longer be confined to the impurity band and thus 
may contribute to a higher effective mobility. The diffusion 
constant would be expected to obey Einstein’s relation: 


D = pkTie 


provided the injected carriers are non-degenerate. This 
assumption, of course, may well be violated even at injection 
levels which are moderately low by normal standards. The 
mobility j in this expression is that appropriate to the 
minority carriers. The low-temperature value of the diffusion 
constant may be quite low regardless of the potentially high 
values of the minority mobility on account of the smallness 
of kT. 

Recently published experimental and theoretical work 
(Paige 1960, McLean and Paige 1960) relating to the drift 
mobility of minority carriers in germanium at very low tem- 
peratures reveals the importance of electron-hole scattering 
on the transport of minority carriers. For majority electrons 
or holes, carrier—carrier scattering only gives rise to a redis- 
tribution of momentum between them and therefore has a 
small effect on mobility. On the other hand, injected minority 
carriers that are scattered by the majority carriers experience 
a more drastic reduction of mobility. The latter may be 
dominated by electron-hole scattering and it is predicted 
that under favourable circumstances, e.g. in InSb, this drag 
effect may lead to negative mobilities for injected minority 
holes. 


6. Voltage-current characteristics of germanium p—n 
junctions 


Figure 5 gives the forward voltage—current characteristics 
of alloyed germanium diodes at 300, 77 and 4:2°x. The 
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points to note regarding the behaviour at TARP is. Ge 
logarithmic slope lying between e/kT and e/2kT and | 
presence of cusps, especially on the characteristic of Na 
diode. Both points may be connected with the fact that | 
dominant mechanism at low currents is most lik 
recombination in the space charge region. 


x 


log I (Lin amps) 


No2 


Se 
voltage scale 
, displaced by O-2V 
, forclarity | 
| | 
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08 10 +2 4 
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Fig. 5. 


Voltage—current characteristics of alloyed germaniu 
diodes at 300, 77 and 4:2° xk. 


The characteristics at 4-2°k show a comparatively sl 
exponential rise up to about 0-75 v (i.e. almost the ene 
gap). If this were interpreted in terms of the usual di 
law I oc exp (eV/kT), the relevant temperature deduced fr. 
the slope would be in the range 150-300°x. The sl 
becomes much steeper at 10-7 ampere, but even then t 
characteristic temperature is as high as 30-40° x. The 
facts clearly imply that the conduction can be due neither | 
ordinary injection nor to space charge region recombinati. 
pe i is known under normal conditions (Jonscher 19¢ 
§ 4.6). 

The rate of rise of current eventually decreases, but 
distinct cusp can be discerned on the characteristics at 0-98 
leading to further increase of current. | 

The interpretation of these characteristics is indicated. 
Fig. 6. At very low currents there is no injection and sot 
form of recombination dominates the behaviour. T 
majority current causes a field in the base region which 
too low to give rise to impurity ionization avalanche. 
some stage on the steeply rising branch of the characterist 
depending. upon the doping level and compensation, t 
majority current becomes sufficiently high for avalanc 
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nultiplication to set in. This, however, has little effect on 
he characteristic, since it results only in the stabilization of 
ihe voltage drop across the base region. 
aus recombination 
current levels 
ae oe fully 
COUN AI aa \ a field-ionized 
acceptors 
high density 
of holes 
NIGIE Sed seat incipient 
current injection 
enhanced 
Zs recombination 
very weet 
ha Ea 
current 
flow 
neutral 
acceptors 


‘Fig. 6. Forward current flow in a germanium p-—n junction. 


Once the potential barrier has been substantially flattened 
ie current due to the recombination in the space charge 
gion will tend to saturate and at the same time injection 
ill set in. Recombination of the minority carriers may now 
‘tend into the base region but the injection level is still low 
id diffusion in the base region is not yet significant. 

It is evident, however, that this situation cannot be main- 
shined as the bias is further increased. At some stage injection 
to the base region must become sufficiently copious to 
jvuse a substantial increase of the diffusion component of 


P—-N JUNCTIONS AT VERY LOW TEMPERATURES 


the minority current and equally a substantial increase of 
the compensating majority density above the fully ionized 
density. This has two effects: firstly, conductivity modulation 
becomes appreciable and the current may now increase again 
beyond the value corresponding to unmodulated flow. 
Secondly, the presence of a high compensating density of 
majority carriers, especially near the junction, causes gradual 
de-ionization of the field ionized acceptors, leading to a 
reduction of the effectiveness of ionized impurity scattering. 
These are thought to be the reasons for the appearance of 
the distinct cusps on the upper parts of the characteristics. 
That part is plotted as J? against V in Fig. 7 and shows a 
reasonably straight line portion indicating the predominance 
of diffusive transport with removal at the end contact. This 
is in agreement with similar results obtained with the same 
diodes at other temperatures and shown in Figs 7 and 8. 
A relation of the type J oc (V — Vo)* was found to be obeyed 
quite generally by all diodes in which the current flow was 
dominated by injection and remoyal of carriers at the back 
contact rather than by bulk recombination (Jonscher 1958). 
It is interesting to contrast the behaviour of a p—n junction 
diode described above with that of a structure in which the 
supply of majority carriers is restricted by a series resistance. 
An ordinary junction transistor was used as a diode, either 
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Fig. 7. J+ plotted against V for alloyed germanium diode at 


77 and 4:2° Kk. 
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Fig. 8. Forward characteristics (J, V) of alloyed germanium 
diodes (after Jonscher 1958). 
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with base and collector strapped together and emitter used 
as the junction, or with emitter and base strapped together 
and collector used as the junction. At room temperature 
this structure would be indistinguishable from a diode, the 
forward current flow being due mainly to injection of carriers 
from the forward biased junction and their collection at the 
short-circuited junction. At helium temperature, however, 
the flow is due primarily to the majority carriers which can 
be supplied only by the peripheral base terminal and not by 
the short-circuited p—n junction. The characteristic shown 
in Fig. 9 is, therefore, determined at first by the ohmic 
resistance in the material between the base and either the 
collector or the emitter, as the case may be. At a certain 
voltage, depending upon the length of this path, impurity 
avalanche breakdown sets in and the current rises very 
steeply with slight tendency to negative resistance. The 
latter may be due to slight compensation in the material of 
the base region (McWhorter and Rediker 1959). 

The reverse characteristics of germanium diodes show 
breakdown voltages of the same order of magnitude as at 
room-temperature. This suggests that the prevailing break- 
down mechanism, presumably avalanche breakdown, remains 
largely unaffected by the lowering of the temperature. The 
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Fig. 9. Voltage-current characteristics of a germanium 
alloyed transistor used as a diode. 
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reverse current, while very much lower than at room t 
perature is difficult to measure, however, since very la 
transients interfere with measurements. This may be 
to ionization of discrete trapping levels leading to loca 
avalanches. 


7. Characteristics of silicon diodes 


We have studied a large variety of commercially availa] 
silicon devices, both alloyed and diffused. Their behavi 
was quite unlike that of germanium devices and two distil 
patterns could be discerned. All alloyed devices show 
more or less ‘back-to-back’ characteristics with clear bree 
down at an appreciable voltage in either direction. On t 
reverse branch this voltage would bear some relation to t 
room-temperature breakdown voltage; on what would ha 
been the forward branch breakdown voltages of 20-100 val 
would be typical with little or no tendency to negati 
resistance. In all cases the sustaining voltage would be. 
excess of 20 volts. This behaviour might be compared w 
that of the germanium ‘transistor diode’ shown in Fig. | 
The cause of the high sustaining voltage is most likely t 
failure to inject minority carriers into the base region, becau 
of insufficient doping in the recrystallized region either ; 
the junction side or in the back contact, or both. TI 
explanation seems plausible in view of the fact that to achie 
full degeneracy in silicon impurity densities in excess 
10'9 cm~3 may be necessary. 

An entirely different behaviour was observed in so 
types of diffused diodes and is shown schematically in Fig. 


1 Book] |70°k 10-4°K 


ae 
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Fig. 10. Forward characteristics of diffused silicon junctio 
diodes at different temperatures with 50 c/s display. 


which relates to a typical 50 c/s a.c. display. As the te 
perature is lowered towards 4° kK a distinct peak appears | 
the forward branch, followed by breakdown to a sustai 
voltage of between 2 and 3 volts. On the return path th 
is much less, if any, tendency to switching. The magnitu 
of the peak depends on the voltage amplitude of the rever 
half-cycle: the more the reverse voltage exceeds a criti 
threshold value the higher the peak. | 
This effect was studied under d.c. conditions and it Wi 
found that on first immersion from a higher temperature tl 
forward current would be less than 10~!! ampere up - 
approximately one volt of a well-defined breakdown volta 
This would be reproducible for each diode and would 
between 8 and 40 volts typically. After breakdown ar 
removal of bias, subsequent re-application of forward bi: 
would give only a small peak, from 2-5 to 6 volts, accordi 
to the magnitude of the original peak but independently « 
the duration of time in the off state. The original switchi 
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‘could only be restored by momentarily raising the temperature 
[gbove, say, 20° K or by applying a reverse bias in excess of a 
certain minimum value, say 150 volts. 

' In the experiment the current was measured by observing 
the potential across a resistance in series with the diode. 
Other measurements were taken with this resistance replaced 
by a capacitor. The pre-breakdown currents in the forward 
jand reverse directions are so small that it is possible to apply 
|moderate biases indefinitely without collecting any charge on 
|the condenser other than that due to the displacement current 
jin the system. On removal of bias there would be no residual 
|charge left on the condenser. If, however, the device were 
‘|first broken down in the forward direction and then biased 
jin the reverse direction with the condenser in series, one 


V (volts) 


0 
q,Q (coulombs) 


Fig. 11. Reverse charge transfer measurements for diode 


No. 48 
Curves A, B: gtr + Qo and qf respectively plotted against 
Vi 


—_ Cc 


jvould obtain an irreversible withdrawal of charge as shown 
yy the open squares on Fig. 11. The symbol qg denotes 
tharge withdrawn irreversibly as a function of the applied 
yias. The two subscripts denote, respectively, the immediate 
(yrior state and the actual state of the device, with the following 
| bbreviations: t, thermal equilibrium; f, forward breakdown; 
, reverse bias; 1, illumination with light. A threshold reverse 
vias of some 30 volts would be required, beyond which the 
mount of extracted charge gs. would increase rapidly but 
tivould eventually saturate. If the forward bias were now 
dpplied the breakdown voltage V,¢ would be found to be 
monsiderably in excess of the original breakdown voltages 
itlerhaps in the range 12-80 volts. 

4) Returning to charge withdrawal, however, if the reverse 
4#ias were applied not following breakdown but immediately 
4fter immersion from thermal equilibrium, the charge with- 
\rawn, q,, would be as given by the open triangles on the 
raph. The saturation charge would be markedly lower and 
jne threshold bias higher than after forward breakdown. 
Vinally, if an attempt were made to withdraw charge again 
ifter previous reverse biasing to saturation, ¢,,;, the curves 
jnarked with crosses would be obtained. 

4 It was found that illumination with light had exactly the 
jame effect as breakdown in the forward direction. 

| It was possible to obtain recovery of charge in unbiased 
ondition by warming up the device. The charge so obtained 
}, denoted by Q with appropriate subscripts. Thus Q¢, is 
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the charge recovered by warming up, i.e. restoring thermal 
equilibrium after forward breakdown, while Q, is the 
charge recovered after previous illumination. It is clear 
from the graph that these two are equal and are the same as 
the saturation charge gp withdrawn on reverse biasing. 
Likewise the charge Q,, obtained on warming up a device 
previously reverse-biased turns out to be the same as the 
saturation value of q¢,, recovered on reverse-biasing from 
thermal equilibrium. 

It is also possible to measure a definite transfer of charge 
in the forward direction prior to breakdown, Fig. 12. This 
in turn depends on whether the forward bias follows reverse 
bias, when more charge is required to cause breakdown, gr, 
or whether it follows thermal equilibrium conditions when 
less charge is necessary, di. 

To sum up, depending upon their past history, the diodes 
in question can exist in different states of charging, the 
equilibrium state, post-breakdown state and post-reverse-bias 
state. The forward breakdown voltages Vip, Ve and V,s, 
respectively, are different according to the state. The device 
possesses memory and remains in each state until a transfer 
of charge is induced by suitable biasing or illumination. 


break 


| breakdown, 


V (volts) 


10 10° 10° 
q,Q (coulombs) 


10° 


Fig. 12. 


Forward charge transfer and capacitive charge in 
diode No. 186. 
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lpositive degenerate, 
space | P, back 
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p-n junction at very low temperature in thermal 
equilibrium. 


Fig. 13. 


An explanation of this behaviour is offered in terms of a 
model involving compensated material in the base region of 
the diode, as shown in Fig. 13. The outer p- and n-regions 
are fully degenerate. Potential barriers which are substantial 
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for the temperature in question, exist at either end—for the 
minority electrons at the junction and for the majority holes 
at the ‘ohmic’ contact. Thus, initially, neither carrier may 
enter the base region. 

The application of a ‘forward’ bias to this structure results 
in the situation represented in Fig. 14(a). Any holes entering 
from the p-region on the right are immediately trapped on 
ionized acceptors and their space charge helps to build up the 
barrier to further flow. At any particular bias only a shift 
of charge occurs by ‘hopping’ in the incompletely filled 


positive 
space charge 


negative| 
space chara 


Fig. 14(@). The pre-breakdown condition under forward bias. 


Fig. 14(). Post-breakdown condition under forward bias. 
injected densities of both carrier species maintain 
impurity level populations. 


Large 
‘inverted’ 


|positive_| 
| space 
| charge 


negative 
space charge 


Fig. 14(c). 


Reverse biased condition. 


majority acceptor levels, the density of which is of the order 
of 10'4cm~3, but continuous conduction is not possible. 
Finally, of course, a critical voltage is reached at which the 
smal] barrier on the right is completely eliminated and a 
copious flow of holes ensues. These holes neutralize the 
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junction space charge on the left and open the gate} 
unrestricted flow of electrons. This corresponds to a colia} | 
of voltage across the structure and the final situation is} 
shown in Fig. 14(b). This is very similar to current flow i 
p-i-n diode. It should be noted that the donors 4) 
acceptors are now completely neutral instead of moj 
ionized, as in thermal equilibrium. This is the cha 
difference between the two states and it appears as the cha 
Or, recovered on raising the temperature. 

It is evident that the same condition as shown in 
figure can be brought about by illumination. 

Once neutralized, the donors and acceptors cannot re 
to their original state even though the current may be in 
rupted; the trapped carriers will remain so indefinitely ¢ 
the forward characteristic will show no breakdown. | 

A return to the normal condition is possible by heating | 
device, thus supplying the thermal energy to release | 
trapped charge. Alternatively, the application of the reve 
bias can have the same effect, as shown in Fig. 14(c). I] 
believed that field ionization of impurities is responsible | 
the transfer of charge in this case. This accounts for 
existence of a critical reverse threshold voltage for cha) 
transfer. The corresponding threshold field is of the or: 
of a few kilovolts per cm. It is easy to see that the apy 
cation of a high reverse bias leads to an increase of the forwi 
breakdown voltage above the value corresponding to ne 
equilibrium conditions. 

Detailed analysis was carried out for a model in whicltt 
densities of donors and acceptors are Np and Nag respectiv 
and charge recovery is assumed to set in at a critical field 
It follows then that the charge gp, recovered on reve 
biasing after forward bias is given by the expression . 


i} 
| 
. 


Ae( = ee 1/2 ae == Np 
Qa. 


al! V2 


tr = 
where V, = E,W, is the threshold voltage, W,, is the wi 
of the base region, « is the dielectric constant and A is 
area of the junction. The charge q;,, recovered from ther 
equilibrium is similarly given by 


Rte 
dir + Qo = Aes) WW. 
7 


where Qp is the charge present under thermal equilibri 
conditions in the space charge region of the junction. 

The solid points in Figs 11 and 12 represent graphs 
9 Plotted against V— V, and q@, + Qo plotted agai 
V — V,, where V, and Qy have been suitably chosen to g 
a slope approximating to 4. The fit of points to a strai; 
line throughout the range appears to support the sim 
model chosen for interpreting the results. 


a Np)!2(V — Voy 


8. Capacitance of p—n junctions 


As might be expected, the capacitance of the space cha 
region is unaffected by the lowering of the temperate 
since all impurity centres remain fully ionized. The caps 
tance of the diode as a whole, however, suffers a reduct 
by two or more orders of magnitude as soon as the c 
ductivity of the bulk regions on at least one side of 
junction falls to a sufficiently low value for the capacita 
of this region to become important (Vul and Zavaritsk: 
1960). This happens below 10° kK in germanium and bel 
30° k in silicon. The low temperature capacitance co! 
sponds to the total thickness of material between m« 
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contacts or between degenerate regions. No change with 


) temperature would be expected, of course, if both regions 


were degenerate, as in a tunnel diode. 
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Abstract 


Results of measurements on precipitation electricity are 
described and the problems of explaining them are 
discussed. 


1. Introduction 


fication of precipitation, including rain, hail and snow. 

In the first place, the charge on precipitation must be 
taken into account in considering the total charge reaching 
the earth’s surface. Then, it may well be that the charge on 
the precipitation falling out of a cloud can give useful indi- 
cations as to the charge-separation processes at work in the 
cloud. And relations between the precipitation current and 
other factors can yield information as to how the precipita- 
tion must have obtained its charge, and hence what charging 
processes are operative. 

Precipitation, both rain and snow, may be broadly divided 
into: (a) stormy and showery precipitation mainly from 
cumulo-nimbus clouds, and (5) continuous precipitation 
mainly from nimbo-stratus clouds. It is found that this 
division is suitable for the discussion of electrical effects, 
mainly because point discharge occurs usually during stormy 
conditions and seldom during continuous precipitation; 
these two conditions will be described as ‘stormy’ and ‘quiet’. 


T= are a number of points of interest in the electri- 


2. Methods of measurement 


It is not proposed here to give any details of the measure- 
ment techniques, for which reference may be made to original 
papers, but rather to distinguish between the different types 
of method. 

Measurements may be made either of the charges on 
individual raindrops, snowflakes or haiistones or of the total 
current reaching an area and comprising a number of single 
drops; and this current can be measured either as an actual 
current or as the charge collected over a certain period of 
time, giving the mean current. 

When the current is measured, there is the choice of using 
an open receiver or a shielded receiver. An open receiver 
can be made so as to simulate a portion of the earth’s surface 
and give conditions close to the natural, but there is the 
complication that, in addition to the true precipitation 
current, there are measured also any ionic conduction 
currents and effects due to changes of potential gradient; 
these last can be understood if we think of lines of force in 
the atmosphere ending on bound charges on the surface of 
the receiver; then, if there is a change in the potential gradient 
the bound charge alters and there is a current through the 
measuring apparatus which is not distinguishable from a 
true current. Because of this difficulty, a shielded receiver 
has often been used, such that the lines of force end on the 
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earthed shield rather than on the receiver itself. Howeve 
a method of compensating for the bound-charge curre| 
was developed by Adamson (1960) using a field machine | 
give the effect of the potential gradient alone and opp 
the effect of this on the current; this method was used ] 
Ramsay and Chalmers (1960). 

In earlier work (Elster and Geitel 1888 and many other! 
a quadrant or other electrometer was used for measureme 
later, a sensitive galvanometer was used (Herath 191 
Chalmers and Little 1947) and more recently electro 
methods have been widely used (Ramsay and Chalm 
1960, etc.). 

For the measurement of charges on single drops, earli 
work used a collector connected to a sensitive electrome 
(Gschwend 1922); later, electronic methods were use 
(Chalmers and Pasquill 1938, etc.). Still more recently, tl 
technique has been to allow the drops to fall through a ri 
often connected to a cathode-ray oscilloscope (Gunn 19: 
etc.); in this way it can be ensured that there is no effect 
splashing, etc., of the drop. 


3. Auxiliary measurements 


In addition to the actual measurement of the precipitatid 
current, various other quantities have been measured. 
many cases the potential gradient has been measured a 
also the point-discharge current when the potential gradie 
was sufficiently high. Many workers have measured the r 
of rainfall; in the case of a shielded receiver, it has be 
possible to measure the actual amount of water reaching t 
receiver (e.g. McClelland and Nolan 1912); in other cas 
particularly with an exposed receiver, independent apparat 
has been used to measure the rate of rainfall. 

For single drops, the size of each drop has been measur 
in various ways. Some (e.g. Gschwend 1922) have measur 
the size of the stain produced by each drop on prepare 
paper. Others (e.g. Gunn 1949) have found the time for tl 
drop to fall between two induction rings. For larger drop 
Smith (1955) used the variation in the capacity of a paralle 
plate condenser as a drop fell through. Arabadji (195: 
measured the impulse of the fall of the drop on a pieze 
electric crystal. 


4. General results 


One of the most obvious points of interest in precipitatic 
electricity is that of the balance of charge brought to th 
ground by precipitation. This is often expressed in terms « 
the ratio of positive to negative charge received, but it ce 
easily be seen that this ratio has a simple meaning only whe 
the charges on single drops are considered; in any othe 
case, each measurement probably includes drops of bot 
signs. The results for this ratio have usually shown a 
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xcess Of positive charge coming down in most types of pre- 
‘ipitation, but there are some observations of negative excess 
sharge in stormy weather, more particularly in the cases of 
hhowers without lightning. Snow is also often found to 
|how a negative excess of charge, especially in quiet con- 
litions. For quiet continuous rain, the positive excess is 
rery strongly marked. 

The actual vertical current brought down to a given area 
ff the ground by precipitation has been determined and 
ives results varying from 10~!? A/m? for light quiet rain up 
o as much as 10-8 a/m? in stormy conditions. 

Results for the “ee per unit volume of water vary 
rom 10~° c/m3 to 10-2 c/m3. The charges on single drops 
wary from less than 10~!° c up to over 107!% c. 
t) One of the most striking results of the measurement of 
‘angle-drop charges is the wide divergence of values obtained 
iven for drops of the same size arriving at the same time 
Smith 1955). Nevertheless, two receivers placed close to 

me another and receiving rain currents over areas of the 
‘prder of 10~*m? show very nearly the same currents, so that 
id differences in the charges on single drops must be statistical. 


QT 
DIL 


13h 5. Comparison of precipitation with other currents 


,| During stormy weather, it is seldom that the precipitation 
lurrent reaches as much as 10-8 A/m? and for the whole 
rea of a storm the average is probably less than 107 ? alin. 
‘he area covered by a storm is between 10 and 100 km?, so 
jat the precipitation current in the whole storm is certainly 
‘ss than 10—! a and possibly as little as 10-7 a. It is known, 
-om observations above clouds (Gish and Wait 1950, 
tergis, Rein and Kangas 1957) that the total current through 
storm cloud is of the order of J A, so that the precipitation 
urrent can be only a small fraction of the total. This is 
ather surprising in view of the theories which postulate 
recipitation as an important agency in the separation of 
“Wharge in clouds. However, it has been clearly shown (e.g. 
ichonland 1928) that point-discharge currents are the most 
Nnportant agency in the transfer of charge from clouds to 
“ye earth, while lightning comes next; not only are the effects 
“'f rain currents small but they are actually of the opposite 
‘gn to the main transfer. If precipitation is concerned in 


elow the cloud by which the precipitation charges are 
sduced and often altered in sign. 

' During quiet precipitation, when there is no lightning and 
isually no point discharge, the relative importance of the 
recipitation current must be greater. In such cases, the 
‘Yrecipitation current is more likely to give an indication of 
hie charge separation current within the cloud, than in the 
“ases of storms. 

Estimates have been made of the total current brought 
own to 1 km? of the earth by precipitation; Wormell (1930) 
jtimated 20 c per year for Cambridge. For an average for 
ie whole world, Wait (1950) made a similar estimate and 
raé] (1953) suggested 30 c, but these can only be tentative 
esses, since there is insufficient knowledge of precipitation 
Beents all over the world. 


6. Relation with point-discharge current in storms 


i Simpson (1949) found that, when conditions in stormy 
| eather are fairly steady, the rain current is proportional to 
‘ie point-discharge current but of opposite sign. Simpson 
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found that the ratio of the two currents increases with the 
rate of rainfall, but tends towards a limiting value for high 
rates of rainfall. 

This can be explained as follows: suppose there is a 
negative potential gradient so that point discharge occurs 
and brings a negative charge to the earth; the corresponding 
positive ions are liberated into the air and may be captured 
by falling raindrops. The greater the point-discharge current 
the greater the number of ions and so the more positive 
charge can be acquired by the raindrops. The greater the 
rate of rainfall, the more, and the larger are the raindrops 
so that again we get a greater rain current, but this has a 
limit when the rain can capture all the point-discharge ions: 
Simpson (1949) gave this general theory to explain his 
results, and later more details were worked out. 


7. Acquisition of charge by falling drops 


Wilson (1929) proposed a theory according to which water 
drops falling in a field could, in suitable circumstances, 
acquire a charge of one sign from the ions in the air. This 
theory was originally applied to conditions within a cloud 
and Wilson used it to suggest a mechanism for the building 
up of the charges in a thunder cloud. But, as Wilson himself 
also realized, the same theory can be applied to drops falling 
below a cloud. Wilson’s theory was worked out in detail 
by Whipple and Chalmers (1944) and applied by Chalmers 
(1951) to the results of Simpson (1949) and of Hutchinson 
and Chalmers (1951). 

Wilson’s theory can be explained simply as follows: a 
drop in a field is polarized, since it is a conductor. If the 
potential gradient is negative, the top of the drop has a 
positive charge and the bottom a negative. If the drop was 
at rest, it would receive charges of both signs from the ions 
in the air, negative at the top and positive at the bottom; 
but when the drop is falling it may be falling more rapidly 
than the motion downwards of the negative ions in the field, 
so that it catches up with the negative ions, which are then 
repelled by the negative charge in the lower part of the drop 
and never reach the upper part of the drop unless the drop 
has a resultant positive charge. The positive ions still reach 
the bottom of the drop and so the drop acquires a positive 
charge in a negative potential gradient. When there are 
positive ions alone present rather than ions of both signs, the 
charge acquired by the drop is greater by a factor of over S. 

When point discharge is occurring, as is the case in those 
measurements where this theory has been applied, then 
there will be a large excess of ions of one sign. If the rain 
obtains its charge from the point-discharge ions, then we 
would expect the connection between rain current and point- 
discharge current as found by Simpson, and this ratio would 
increase with the rate of rainfall, at first proportionately, but 
approaching a limit for high rates of rainfall when the whole 
of the point-discharge current would be brought back by the 
rain. This qualitative picture by Simpson (1949) was made 
more precise by Chalmers (1951) and gives a reasonably good 
account of the charging of average drops during steady 
conditions. However, the picture does require that the 
potential gradient increases quite rapidly with height, a 
result for which observational evidence is still lacking. 
Smith (1955) was able to extend similar calculations to the 
case of drops of different sizes falling under similar con- 
ditions, but also was unable to explain divergences between 
similar drops. However, as a first approximation, it does 
appear that the capture of ions of the point-discharge current 
gives an account of the relation between precipitation current 
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and point-discharge current, and hence of the charge on 
precipitation from cumulo-nimbus clouds. 


8. The mirror-image effect 


Simpson (1949) found that, in stormy weather when con- 
ditions are not steady, the curves relating precipitation 
current with time and point-discharge current with time 
appear to be mirror images of one another, so that the 
relation between the two currents is not confined to steady 
conditions. Sivaramakrishnan (1957) found that the change 
of sign of the precipitation current synchronizes more closely 
with the change of sign of the potential gradient at the 
ground than with that of the point-discharge current. 

A raindrop takes several minutes to fall from the cloud 
to the ground, so it would seem that the mirror-image effect, 
with simultaneous changes of both currents, would indicate 
that the raindrop acquires its charge fairly close to the 
ground. But if, as is shown by the calculations of Chalmers 
(1951) and Smith (1955), the drop acquires its charge by 
capture of ions according to Wilson’s process, the potential 
gradient close to the ground is too small and the drop must 
have acquired its charge at a higher level where the potential 
gradient would be greater. This discrepancy has not yet been 
solved. 


9. Rain charges in low potential gradients 


It is found that precipitation is charged even when the 
potential gradient is too small to give point discharge. The 
theory of Wilson (1929) does give charging to drops when 
ions of both signs are present, but calculations show that the 
observed charging is much greater than could be accounted 
for in this way; since ions of both signs are present, there is 
no space charge as in the case of point-discharge ions, and 
thus no increase of potential gradient with height. 

There is, however, a relation between the precipitation 
current and the potential gradient, giving a general inverse 
relation although the current is found to be zero, not for 
zero potential gradient but for a potential gradient which is 
something like the undisturbed fine-weather potential 
gradient. 

None of the attempts to explain these results is really 
satisfactory, and the question of the difference between 
currents in rain and snow is probably important. 


10. Results for snow 


Results for snow show marked differences from those for 
rain. In turbulent conditions, snow is most usually found to 
be positively charged, but snow in quiet, steady conditions 
is almost always negative (Chalmers 1956). Snow also shows 
the inverse relation between precipitation current and 
potential gradient, but whereas the line relating rain current 
with potential gradient for rain lies almost wholly above the 
axis and has an intercept of positive potential gradient, that 
for snow lies below the axis and has an intercept of negative 
potential gradient. 

It would appear that there are two possible explanations 
of the difference between rain and snow; either there is a 
charge-separation process which takes place when the snow- 
flakes melt to form rain, or else there are charge-separation 
processes close to the ground giving different effects for liquid 
and solid precipitation. 

For rain in this country from nimbo-stratus clouds the 
meteorological evidence is very strong that it has originated 
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by the process suggested by Bergeron (1933), so that e 
raindrop has been a snowflake at an earlier stage o! 
history. If, therefore, there is any charging process 
snowflakes in the cloud, all raindrops will have experier 
this process before melting. 


li. Effects of splashing 


Smith (1955) thought that the positive charge on | 
and the negative potential gradient might be accounted 
by the separation of charge on splashing (Lenard 18 
But the measurement of raindrop charges by methods 
which the charge is measured before the drop can f 
splashed show that this simple picture cannot be corr 
and that raindrops usually have a positive charge before t 
can splash. | 

There is, however, evidence for the production o 
negative space charge in the lower air during rain; Ke 
(1860) with a tower in Glasgow and Chauveau (1900) at 
Eiffel Tower found occasions, during rain, when the poter 
gradient remained positive at the top of the tower but chan 
to negative at the ground, results which can be explai 
only if there is a negative space charge, which could be ¢ 
duced either by splashing at the ground or by some pros 
in the lowest regions of the air. 

Simpson (1915) made the suggestion that gusty wi 
near the ground might cause impacts between drops, giv 
rise to positive charges on the rain and negative in the 
but no direct evidence for this process is yet available. 


12. The snow cloud 


The difference between quiet snow and quiet rain is 
marked, since snow is usually negatively charged and 
positively. An obvious suggestion is that the differenc 
to be ascribed to different effects at, or close to, the gro 
If gusty winds produce impacts and breaking, snowfl 
might get negative charges and raindrops positive and so 
results could be explained. 

But consideration of the currents through a cloud, fi 
which there is quiet snowfall, shows that the acquisitio 
charge close to the ground cannot explain the results. 
total current reaching the ground during quiet snowfa 
negative and, if we are able to consider conditions as ste 
then there must be a current negative downwards at all le 
Below the cloud, if we consider that the falling snowfi 
are uncharged until they approach the ground, the cu 
must be carried by the upward movement of positive ch 
released near the ground where the snow gets its cha 
Thus between the cloud and the ground, there must bi 
positive space charge, and so the potential gradient | 
below the cloud is more negative than that at the gro i 
Since the potential gradient near the ground is abou 
often negative as positive during quiet snow it follows t 
the potential at the base of the cloud is usually negative 
the cases where the potential gradient at the groun 
positive, the snow has a high negative charge and h , 
there would be a large positive space charge, again lea | 
to the conclusion of a negative potential at the base of 
cloud. 

Since the electrosphere is at a positive potential of aver 
value about 2-9 x 10° volts, a current bringing nega 
charge down above the cloud could occur only if the to 
the cloud has a potential higher than this value. 

Thus, if the snow gets its charge close to the ground, | 
are led to the conclusion that there must be a poten 
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\difference within the cloud of magnitude appreciably greater 
‘|than the fine-weather potential difference between the electro- 
‘sphere and earth. Such a potential difference would require 
‘some charge-separation process acting within the cloud and 
we are therefore forced to abandon the idea that the only 
sharge-separation process is near the ground. 

If we need a process of charge separation within the snow 
stloud, we can consider whether this may be the most 
|| mportant, if not the only, charge-separation process at 
‘twork. The snow would then acquire its negative charge in 
,| he cloud, leaving behind a positive charge which is dissipated 
“o the electrosphere. It would seem possible to explain the 
‘seneral relation between precipitation charge and potential 
yagecient from the idea that the larger the charge on the 
‘\now, the larger the charge left behind and so the larger the 
yotential gradient which this charge produces at the ground. 


i 13. The rain cloud 


As already mentioned, it is fairly certain that the rain 
vhich falls from nimbo-stratus clouds in this country has 
“een formed by the Bergeron mechanism and so has been 
‘Ia the solid form in a part of the cloud. It is difficult to 
Wivoid the conclusion that the charge-separation process in 
he cloud, which, as we have seen, is responsible for the 
\Vharge on snow, will operate also in the appropriate part of 
Nae rain cloud. But, since the rain is found to carry a positive 
‘harge, there must be a second charge-separation process 
perating where the precipitation is liquid, or in the process 
f melting. 

In the rain cloud, the total current is positive downwards 
nd, since this must be true above the cloud, it follows that 
‘Ine potential of the top of the cloud is considerably lower 
‘hen the precipitation is rain than when it is snow; this 
Woeans that the negative charge, released when the rain 
illequires its positive charge, must be carried up to the top 


ownwards, the resultant current must be taking negative 
‘harge upwards, if there is a steady state. 


14. The charge-separation processes 


‘\yparation. The directions of charge movement and the 
imperatures are the same for the continuous rain cloud as 
Jbr the thunder cloud, but whereas in the thunder cloud the 
loper process is more important, in the quiet rain cloud the 
wer process predominates. 

‘It may well be suggested that the same processes operate, 
mough to different degrees, in both types of cloud. There 
e various theories which have been put forward to account 


pes of cloud contain the same upper charge-separation 
-ocess then the association of this process with the presence 
* precipitation in the solid form is more clearly shown. 

| Smith (1951) suggested that, in a few cases where Simpson 
949) found little charge in quite heavy rain, it might be 
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that the rain originated from the coalescence mechanism and 
had never been in the solid form. If this were so, it would 
be an argument in favour of the lower process being con- 
nected with melting rather than some other process with 
rain. Dinger and Gunn (1956) have found a separation of 
charge of the correct sign to occur when ice, with air enclosed, 
melts and it may well be that it is this process which gives the 
lower positive charge in both types of cloud. 


15. Mirror-image effect in quiet precipitation 


In quiet precipitation the current and the potential gradient 
often appear as mirror images, although Ramsay and 
Chalmers (1960) found that the positive maximum of pre- 
cipitation current did not quite coincide in time with the 
negative maximum of potential gradient, but differences of 
a few minutes occurred, with in some cases one maximum 
being first and in other cases the other. Also it was found 
that the ‘mirror’ was not the zero value. 

The explanation given earlier of the relation between 
precipitation current and potential gradient imply that the 
charge separation originates at cloud level. But a recog- 
nizable mirror-image effect would suggest charge separation 
at a much lower level, and this discrepancy has not yet been 
resolved. 


16. Conclusion 


Contrary to what might have been predicted, it appears 
that precipitation does not play an important part in the 
electrical balance of a storm cloud; in quiet precipitation its 
part must be greater. Considering the whole world, the 
present evidence is that precipitation assists the fine-weather 
current, rather than tending to maintain it. 

Presumably because of secondary processes, the precipita- 
tion current below a storm can give little indication of the 
charge-separation processes within the cloud. 

While the general charging of precipitation can be explained 
reasonably satisfactorily, there are many features concerned 
with the mirror-image effect and with the variations between 
individual drops which are yet unexplained. 

It is clear that more observations are required, under 
different conditions, before it can be hoped that a complete 
understanding of the electricity of precipitation will be 
reached. 
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Abstract 


An induction furnace operating at 500 kc/s is described 
which is capable of providing temperatures in excess of 


3000° c at high vacuum or in any suitable gas mixture at 
wessures up to 8 atmospheres. The work coil is mounted 
nside the furnace chamber, which can then be designed 
is a pressure vessel and constructed of electrically con- 
lucting steel. By this technique close coupling is provided 
yetween the work coil and the susceptor crucible: if 


lesired, a heat treatment cycle to 3000° c can be com- 
leted in less than one minute. To avoid any contamina- 
ion, the furnace is thermally uninsulated, so that all the 
teat dissipated in the crucible is lost by radiation, limiting 


ts total surface area to about 20 cm? for temperatures 
if 3500° c with a 25 kw generator. 

Application of the theory of induction heating shows 
hat the effective resistance of the susceptor crucible can 
’e increased by several methods, thus improving the 
seating efficiency of the furnace. The theory may also 
1e applied for determining the resistivities of various 
usceptor materials at very high temperatures. 


1. Introduction 


ture ceramic and as a solid with special electronic 
| properties has led to the demand in this laboratory 
or a high temperature furnace in which the specimens can 
‘e kept free from any chemical contamination and can be 
‘eated to over 3000°c. To meet this need a furnace has 
een designed which can be controlled over the temperature 
ange 1500~-3100° c and which can be operated either under 
igh vacuum conditions or up to a positive pressure of 

atmospheres in any suitable gas mixture. The furnace is 
‘oth clean and simple to use; compared with a conventional 
larbon resistance furnace it gives a saving in time of about 
hours for any one heat treatment cycle. Also, it can be 
sed for rapid heating and chilling at rates above 200 deg c/s. 

The design problems encountered are discussed in detail 
elow. Preliminary considerations of the materials available 
ind the method of heating reveal certain relevant advantages 
nd disadvantages. The materials give little choice since the 
mly solid which could at present compete against graphite 
bove 3000°c is tungsten, a metal which is difficult to 
abricate and is not suitable for a crucible material for heat 
reatment processes involving graphite. The superiority of 
raphite prepared by pyrolysis of gaseous hydrocarbons over 
olycrystalline graphite prepared by coking is offset by the 


T: growing importance of graphite as a high tempera- 
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Auswell Hill, London, N.10. 


Vor. 12, Aucust 1961 


BYE 


An induction furnace to attain temperatures above 3000°c 


by L. C. F. BLACKMAN,* Ph.D., P. H. DUNDAS, Ph.D., A. W. MOORE, B.Sc., and A. R. UBBELOHDE, M.A., 


|D.Sc.(Oxon), F.R.S., Department of Chemical Engineering and Chemical Technology, Imperial College of Science and 
Technology, London, S.W.7 


greater ease with which the polycrystalline material is at 
present obtainable. Detailed criteria in the choice between 
these two graphites are discussed later in this paper. 

The type of furnace and the method of heating also 
requires some consideration. The method inyolving the 
simplest equipment—that of passing a large current through 
a carbon resistance tube—suffers from the disadvantages: 
(1) a period of about 5 hours is required to complete a 
single short heat treatment at 3000° c; (2) samples to be 
heated are liable to contamination by volatile impurities in 
the resistance tube; (3) the furnace cannot conveniently be 
operated at pressures greater than one atmosphere—as is 
desirable in order to reduce evaporation of carbon at the 
highest temperatures; and (4) above about 2600° c (Hove 
1958) the breaking stress of graphite falls off markedly so 
that around 3000° c stresses placed on the heating element 
by the fixed electrodes tend to fracture the tube. By using 
induction heating, a furnace may be constructed with the 
advantages: (i) large amounts of energy can be concentrated 
in small volumes with the result that a heating cycle to 
3000° c can be completed, if necessary, in less than one 
minute; (ii) contamination of the furnace atmosphere can 
be reduced to a negligible amount; (ili) heating can be con- 
veniently carried out at pressures appreciably higher than 
one atmosphere; and (iv) since the graphite heating element 
and susceptor is not attached to any electrodes mechanical 
failure can be avoided. 


2. Induction furnaces 


Induction furnaces operating above 3000°c have been 
previously described. Zaer in 1935 used such a furnace 
for measurement of the sublimation point of graphite 
(3500 + 10° c at one atmosphere pressure). In an improve- 
ment of this design, a laboratory furnace was constructed 
in which a graphite crucible with a volume of 150 cm? could 
be heated to 3000° c with only a 5 kw generator (Ribaud 
1950). The induction furnace has also been developed in 
industry for use up to 3600° c (Chestnut 1953). 

However, all these induction furnaces have certain serious 
disadvantages when stringently controlled conditions are 
required since they rely on carbon black for thermal insula- 
tion. This imposes the limitation that the furnace cannot be 
evacuated or conveniently used at pressures much greater 
than one atmosphere, and introduces a high possibility of 
chemical contamination of the specimen from the gaseous 
impurities evolved when the carbon black becomes heated. 
The loading and dismantling of these furnaces is also both 
dirty and tedious, and they take a considerable time to reach 
steady operating conditions. 

The furnace described in this paper can be operated above 
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3000° c and avoids the above limitations. Moreover, it can 
be used for extremely rapid heat treatments on graphite and 
certain refractory carbides, borides and nitrides and for many 
other operations at high temperature. One disadvantage in 
this method of heating is that the induction generators have 
a maximum overall power efficiency of only about 40%. 
This, however, is acceptable to industrial application as it 
is nullified by the great increase in operational efficiency. 
At a given power input the maximum temperature depends 
solely on the surface area of the heated crucible since heat 
losses at these very high temperatures are entirely by radia- 
tion. The radiation losses can be reduced by employing 
radiation shields, for example, of polished molybdenum. 


3. Choice of generator for heating small graphite susceptors 


The choice of a high frequency generator follows from 
consideration of the basic theory of induction heating which 
is briefly reviewed. When an alternating current is induced 
in a cylindrical conductor, heat is produced only in a surface 
(skin) layer provided the frequency of the current is suf- 
ficiently high. The skin thickness 6 is a function of the 
resistivity p of the load material, and the frequency / of 
the induced current as defined by the formula 


1p? 

an\f (1) 
All quantities are in electromagnetic c.g.s. units. 
Ribaud (1950) showed that for optimum results the 


minimum frequency which can be used is a function of the 
resistivity and the diameter d of the material to be heated. 


1-8 
Snin = ae (2) 
Clearly, the maximum temperature which can be obtained 
in such a conductor when used as a furnace element depends 
on the amount of heat lost by radiation. For this reason, 
if radiation shields are not used it is necessary to construct 
a susceptor crucible with small surface area. In order to 
produce very high temperatures around 3500°c with a 
25 kw generator operating at 80% coil efficiency the maximum 
total surface area of the crucible should not exceed about 
20cm?. This corresponds to a crucible whose height and 
diameter are about 2cm. From Eqn (2) the minimum 
frequency to be used is 450 kc/s. Several workers have 
employed these very high frequencies for heating small 
susceptors to 2600° c without any radiation shields (Smyth 
et al. 1951, Harris and Jenkins 1959). 

For the present work a valve-oscillator generator operating 
at 500 kc/s has been chosen. It is the Redifon type [H46 Mk 
III capable of delivering up to 25kw of radio-frequency 
power. 


4. Mechanical design 


The furnace assembly is shown in Fig. 1 and consists of a 
seamless stainless steel cylinder A of 84 in. diameter closed 
at both ends by thick water-cooled brass flanges B. The 
system is made vacuum tight by the use of neoprene ‘O’ ring 
seatings C as shown. 

This design incorporates the special feature of mounting 
the work coil assembly D within the vacuum chamber 
(Smyth ef al. 1951) which allows a much closer coupling to 
be employed between the load and the coil, but introduces 
the problems of electrical insulation and possible electrical 
breakdown of the gas. The problem of ensuring electrical 
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insulation through the wall of the furnace chamber iS OVs 
come by the use of a neoprene block shown in Fig; 2. “Wj 
problem of sparking through the gas is discussed later. 
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Sectional view of induction furnace. 


Fig. 1. 
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Fig. 2. Practical detail of vacuum-tight power lead insulation 

A, high frequency leads; B, neoprene vacuum-tight insulation} 

C, pyrophyllite radiation shield; D, ebonite cover plate: 
E, water-cooled furnace base. 
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The temperature of the graphite crucible was measii} 
optically through a silica window E mounted in the t 
brass flange B and using a high precision (+0-75%) potent 
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metric optical pyrometer (Evershed and Vignoles). A glass 
pe was placed directly above the silica window to deflect 
the light rays in a horizontal plane for ease of viewing. It 
van be shown that the correction for light absorption to be 
made on any measured value is given by the equation 
AT = 1:3 x 10-5 T? (cf. Kingery 1959) where T is the 
observed temperature in degrees Celsius. 

The furnace chamber which was evacuated via tube F 
\was designed as a pressure vessel to withstand 8 atmospheres 
oressure with a safety factor of 4 (British Standards Code 
{1500: 1949). All relevant dimensions are shown in Fig. 1. 


> 


5. Operation under anaerobic conditions 


High-frequency sparking has proved to be troublesome in 
rertain cases. Practical work carried out by Holst and 
Koopmans (1918) and Klemperer (1938) on the sparking 
dotential of nitrogen and the helium group of gases show 
that under the same voltage and pressure conditions the 
sparking distance of dry argon is 25 times greater than that 
of dry nitrogen. However, nitrogen cannot be used because 
t reacts with graphite at high temperatures to form cyanogen. 
Margrave (1955) has collected high temperature thermo- 
dynamic data and from his values it can be shown that for 
yne atmosphere of nitrogen the reactions are as follows: 


partial pressure of cyanogen (atm.) 


1730" 'c 2230° 
2 C, +N), (CN), 10-5 3°34 
2 Cy + Nog S (CN), Ones SoxlOm 


\jwhere g and s refer to gaseous and solid carbon respectively- 
‘(Thus above about 2000° c in nitrogen, cyanogen is readily 
‘yormed by gaseous reaction so that the graphite crucible then 
das a very short life. This imposes the use of argon as the 
‘most suitable choice of inert gas. 

| The minimum convenient distance between any high 
jroltage point and any earthed point in this present design 
jvas about 1 cm. This means that when the furnace is used 
vith argon at one atmosphere pressure the approximate 
jnaximum voltage difference that can be established without 


20 


— 
Wn 


is) 
<O. = 


4 
Nn 
cal 


Distance between point electrodes (cm) 


Nitrogen 


=a =I 
2000 5000 


0 1000 
d.c.peak voltage between electrodes 


Comparison of the sparking potential between point 
electrodes in argon and in nitrogen. 
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sparking is 1500 v (according to the data for d.c. peak 
voltage given in Fig. 3). However, in practice, using high 
frequency, appreciable sparking is observed above 1100 v. 
This was acceptable for coils with low inductance of diameter 
not exceeding 3:2cm and effective working has been 
obtained with these coils up to 3100° c. 

When the size of the crucible is increased, a larger coil 
has to be used with the result that in one atmosphere of 
argon maximum loading cannot be achieved before the 
peak voltage across the coil rises to a level where sparking 
occurs. Without using radiation shields, the maximum 
operating temperature was found to be about 2200° c 

At high vacuum (about 10-3 mm Hg) the furnace can be 
used up to 2200° c at which temperature the graphite begins 
to evaporate appreciably (Kelly 1935). At intermediate 
pressures around 1 mm the present design of the furnace 
cannot be used because of sparking breakdown (cf. Fig. 4). 
However, at pressures above one atmosphere the sparking 
distance, which decreases inversely with increasing pressure, 
is again sufficiently low to permit useful operation. 


Argon 
er 
| 


Nitrog 


0" 10 00 
Gas pressure p (mmHg) 
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Sparking distance (cm) 
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1000 


Fig. 4. Effect of gas pressure on the sparking distance 
between point electrodes in argon and in nitrogen. 


6. Design of work coil for induction heating 
6.1. Nomenclature 


All units are electromagnetic c.g.s. units except where 
stated. 

A, surface area of crucible; d, diameter of crucible; 
D, inside diameter of work coil; e, thickness of crucible wall; 
€opt» Optimum thickness of crucible wall; E, peak voltage 
across work coil terminals; f, frequency of induced current; 
h, height of crucible; H, height of work coil; 7, current 
induced in load; J, root mean square current in work coil; 
I,, Maximum current available from generator at any given 
work coil inductance; Jp, work coil current required to 
dissipate maximum power in the load and the work coil 
winding; k, ratio e/€op43 ke, field factor (ratio of square of 
magnetic field intensity obtained inside a short solenoidal 
work coil to that obtained in an infinitely long work coil of 
the same diameter) (kK, + 1); ks, geometrical shape factor 
(ratio of power dissipated in a short cylindrical load to that 
calculated by treating the load as having infinite length) 
(ke € 1); Ky, coil shortness factor; L, inductance of work 
coil and associated leads (4H); m, number of turns in the 
work coil winding; n,;, number of turns of work coil winding 
per cm; r, resistance of load; 7, temperature of crucible (° c); 
T,, absolute temperature of crucible (° kK); W, energy lost by 
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radiation; W,, energy dissipated in a long cylindrical load 
inside a coil of large H/D; W., energy dissipated in the work 
coil; W,, energy dissipated in a short solid cylindrical load 
placed inside a short coil; 6, thickness of skin layer through 
which induced eddy current flows; ¢, heat emissivity 
of cylindrical load; o, Stefan—Boltzmann constant (5:67 x 
10-15 kw/cm? deg K+); p, resistivity of cylindrical load or 
crucible; p’, resistivity of work coil winding. 


6.2. Theoretical considerations 


In the thermally uninsulated induction furnace, because 
of the high temperatures used, the heat lost from a cylindrical 
crucible placed at the centre of a solenoidal work coil may 
be assumed to be totally due to radiation, and since the 
temperature of the crucible is so high with respect to the 
surroundings (when radiation shields are not used) the 
temperatures and emissivities of these bodies may be neglected 
in determining the heat loss. Thus 


W = ot ATif. (3) 


The emissivity of polycrystalline graphite at the temperatures 
used can be taken as 0:78 (Campbell 1956). 

The maximum output of the generator is 25 kw and the 
best heating efficiency will be achieved when the current 
required to dissipate this energy in the load and in the winding 
of the work coil just matches that which is available at the 
inductance of the work coil used. As will be seen later, 
such a condition is impossible to achieve using small 
crucibles of the dimensions described above, but with larger 
crucibles (described later) a coil can be designed to give 
optimum loading. In general it is desirable to make the 
dimensions of the work coil as small as possible in order 
to reduce its inductance and thereby increase the current 
available for heating the load. 

Figure 5 shows the schematic diagram of the furnace work 
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Fig. 5. Basic arrangement for induction heating. 


coil and its cylindrical load, and the dimensions referred to 
in subsequent design calculations. 

The following design work is based on theoretical and 
practical relationships derived by Ribaud (1950). 

The magnetic field intensity induced inside a long 
solenoidal work coil C is 47nJ. For an alternating current 
where the flux varies sinusoidally the effective field is the 
root mean square of the maximum field. 
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In the case of a long solenoid and long axial load 
expression for the energy dissipated in the load may t 
be derived as follows: 


effective length — 7dp 


and i=n,hI 
effective area hd : i | 
ashen | 
thus Wo= ae Mids | 
On eliminating 4, 
W, = 2n?n,2I*hd(pf)?. (+ 


Similarly, the power dissipated in the copper winding is 
W. = 27?n,7I*HD(p'f)?. 


For a hollow cylinder of wall thickness e > 6 the expressi 
for W, remains the same, but as the wall thickness decrea} 
to values less than 6, the energy absorbed by the lo} 
increases toward a maximum at an optimum thickness giv 
by €opt = 26*/d before decreasing to zero as e decreases | 
zero. It can be shown that the energy absorbed by such 
thin cylinder is given by 


W= (gts) Me | 


The above expressions apply rigorously to the heating 
long cylindrical loads coaxial with work coils of large H/| 
However, in practice, one often uses loads and work c 
of such dimensions that neither h/d nor H/D are large. 
the case of a solid cylindrical load of small h/d current 
induced not only in a thin layer of skin at the periphery, 
also at both of the ends of the cylinder to a depth of 64, si 
the lines of magnetic field intensity converge toward the a 
of the load at the ends. If it is assumed that the height 
the zone in which the field lines tend towards the centre} 
proportional to the crucible diameter d, then the ene 
dissipated in the ends is proportional to d*, and it can 
shown that the “geometrical shape factor’ would be equal 
1 + kd/h. Experimental measurements on many samp 
(Ribaud 1950) show that the value of k in this expression 
1-15 and 


q 


ke =1 + 1-15d/h. 


This means that for a cylinder with h/d = 1, there is 2: 
times as much energy dissipated in the cylinder as given | 
Eqn (4). | 

The above discussion still assumes that the work coil 
of infinite length (i.e. large H/D). However, such j 
assumption is not normally permissible; for a ‘short’ ce 
the field produced at the centre is less than 47nI because t 
lines of force are not parallel to the coil axis. Thus it 
necessary to multiply the expression for energy dissipated 
the coil (Eqn (4)) not only by the ‘geometrical shape factc 
but also by a ‘field’ factor. This factor is the ratio of t. 
square of the magnetic field intensity obtained inside a shc 
solenoidal work coil to that obtained in an infinitely 1o: 
work coil of the same diameter. The field factor at all poir 
inside a short solenoid of any given H/D can be calculat: 
and integrated throughout the volume to give the appropria 
value for any cylindrical load axially placed. Values pr 
sented by Ribaud (1950) for the particular case of a soleno 
of H/D = 1 were used in the following theoretical desi; 
considerations, since the work coils used in the present wo 
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‘\aad this same dimensional ratio. The energy received by a 
‘solid crucible inside a coil of finite dimensions is thus given by 


W, = Week. (8) 


Equating the expression for W, and W, to 25 kw, the 
naximum output of the generator 


Wektk, + We =2°5 x 10", (9) 


The expression for the inductance of the loaded work coil is 
Vaughan and Williamson 1945) 


2 
0-014 
h 


++ leads inductance. 


N= 0-01n,2K,(HD2 — hd?) 4 


(10) 


The coil shortness factor K, is a function of Nagaoka’s 
vonstant (Vaughan and Williamson 1945) and the diameter 
“pf the coil and its load. By approximating for Nagaoka’s 
,ponstant in terms of a linear function of D/H, the expression 
| or K, is obtained: 


0-35 d? 
K,= D 
ie H ( 3) 


(11) 


7. Optimum dimensions of work coil for crucible of given 
dimensions 


To attain very high temperatures in the induction furnace, 
‘hrucibles have been used of diameter 2:0cm and height 
‘varying from 2-4 to 2-7 cm. The following typical examples 
‘Mlustrate the results to be expected from theory (applying 
‘l3qns (1), (4), (5), (7), (8) and (9)) when coils and crucibles 
“hf various dimensions are used in the present design of 
‘induction furnace. 


7.1. Crucible 2:0 cm diameter x 2:4 cm high 
(wall thickness e > 8) 


If the resistivity of the graphite forming this crucible is 
.|0°c.g.s. the current Jp required to dissipate the available 
tS kw from the generator is at least 500 amps. Fig. 6 shows 
he maximum available current from the generator as a 
Junction of the loaded work coil inductance. To obtain a 
york coil current of 500 amps would require a work coil 
nductance of only 0:3 ~H. Such a condition is not feasible 
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| Fig. 6. Output characteristics of induction generator. 
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because in the present design the work coil leads inductance 
is always about 0:4 H. However, it has been found 
unnecessary with these small crucibles to dissipate the 
maximum power to obtain temperatures in excess of 3000° c. 
Accordingly a work coil of 3-1 cm height (4 turns of $ in. 
copper tubing) and 3-2 cm diameter was constructed. Such 
coils are made by turning the required length of copper 
tubing around a cylindrical rod of suitable diameter. The 
copper is then annealed by heating to a red hot temperature 
and quenching in water. This procedure permits one to fit 
the new coil more easily into position in the furnace. 

The loaded work coil inductance calculated from Eqns (10) 
and (11) is 0-70 wu, and from Fig. 6 the maximum available 
coil current is 400 amps. At this current the maximum power 
which can be dissipated in the load (from Eqn (9)) is 
14-5kw (p = 10°). If the graphite has a resistivity of 
1-2 x 10° c.g.s. the maximum power is 15-5 kw. 


7.2. Crucible 2-0 cm diameter * 2-7cm high 
(wall thickness e < 8) 


For such a crucible with wall thickness e = 0:15 cm and 
56 = 0-23 cm (p = 10°) and the same work coil described in 
$7.1, the maximum power dissipated in the load is 17-0 kw. 


7.3. Crucible 2:7 cm diameter * 3-9 cm high 
(wall thickness e < 8) 


To permit investigation of the effect of radiation shields 
on the effective power input to the crucible (i.e. the tempera- 
ture obtained at a given power input) this larger crucible was 
constructed. To accommodate the molybdenum radiation 
shield coaxially between the coil and the crucible, a coil of 
diameter 5-S5cm and height 6:0cm was constructed. By 
making the wall thickness of the crucible 0:15 cm, the 
maximum power which can be dissipated in it is 15 kw at 
p= 10°, 


7.4. Crucible of same dimensions as in § 7.3 with 
3 
optimum coil 


It should be noted here that with the larger crucibles it is 
possible to design optimum coils that will allow 25 kw of 
power to be dissipated in the load and the winding. For 
example, in the case of the crucible just mentioned, a coil 
of diameter 4-5 cm and height 4-5 cm would be satisfactory 
for this purpose. However, its diameter would not be large 
enough to accommodate the radiation shield. 

These preliminary calculations show that because the leads 
inductance is such a significant fraction of the total work 
coil inductance, it is not possible to dissipate the maximum 
available power of 25 kw in systems containing small loads. 
It can be seen, however, that the best heating efficiency can 
be obtained both when the relative space occupied inside the 
coil by the crucible is the largest possible and when the 
effective resistance of the crucible is made as large as possible 
(e.g. by decreasing the wall thickness to values less than 6). 


8. Relative merits of polycrystalline and pyrolytic graphite 
as a susceptor material 


In most of the experimental work carried out in this furnace 
polycrystalline graphite (Morgan EY9A) crucibles have been 
used because they are readily made from solid cylindrical 
rods. The method of affixing these crucibles to the furnace 
is illustrated in Fig. 7(a). The crucible support C is electric- 
ally insulated from the base of the furnace by a pyrophyllite 
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disk P. A graphite cylindrical rod C is supported on the 
pyrophyllite. The small graphite crucible is then supported 
on a tin. rod S of polycrystalline graphite (of small diameter 
so that the induced eddy current near the coil is small) which 
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C=) | j } 
|| ‘ 
| d 
els Pa | 1 NB 
limnertiat ea all pyrolytic | | 
ak aI ABS ee ee assembly | Le 
| a ease 
‘ P| | a 
\ = = l —— 
(a) (b) (c) 
Fig. 7. Method of mounting crucibles. 


fits into the base of the crucible. The }in. rod fits tightly 
into a concentric hole H drilled into the rod C, forming a 
rigid support for the crucible. 

The disadvantage of using polycrystalline graphite as a 
susceptor material is that it is generally very porous and has 
to be heated under vacuum to high temperatures to eliminate 
occluded gases. Even after heat treatment for 30-40 minutes 
under vacuum at 2200° c, when the graphite is heated in an 
atmosphere of argon to temperatures much above 2800° c, 
considerable volatile matter is evolved. In addition to 
contaminating the furnace, the volatile material makes the 
furnace atmosphere more conducive to high voltage sparking. 
Because of these disadvantages, the use of pyrolytic graphite 
as a susceptor material has been considered and a few 
experimental runs have been made with this material. 

The only disadvantage of using pyrolytic graphite as a 
susceptor and support is the present relative difficulty of 
manufacturing the various shapes needed for this construc- 
tion. Figs 7(b) and 7(c) show the technique employed in 
this laboratory for mounting an arrangement using all- 
pyrolytic graphite with the exception of the base supporting 
rod C which is assessed to reach a temperature not greater 
than 1000°c. The walls of the pyrolytic graphite crucible 
were formed by cracking methane at 12 cm Hg pressure and 
1900° c on to a polycrystalline former of 2-0 cm diameter to 
a thickness of 1 mm. The deposition temperature of 1900° c 
was chosen since it has been shown (Blackman and 
Ubbelohde, unpublished) that the resulting pyrolytic graphite 
does not graphitize completely on subsequent heating to 
about 3000°c. Crystal disorder corresponding to a 
Franklin—Bacon (Bacon 1951) p-factor of about 0-1 is 
retained and other evidence suggests that this imparts good 
mechanical strength to the material. 

A crucible of 2-2 cm outside diameter and 2-5 cm height 
was produced by this method. To form a strong support 
with low heat conductance for the crucible a hollow cylindrical 
rod HC of pyrolytic graphite was prepared which was about 
1-4cm outside diameter and | mm thick and 10cm long. 
This was rigidly held in position by the base supporting rod C. 
The graphite crucible was held to this cylinder by two mutually 
perpendicular slotted strips A, B which fit into four slots cut 
in the top of the supporting cylinder and in the bottom of the 
crucible wall. These strips and the cylindrical bottom of the 
crucible D were cut from a | mm thick flat section of pyrolytic 
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graphite. Two deep slots E and E’ were cut in the support 
cylinder to eliminate induced eddy currents in this section] 
Preliminary results with the pyrolytic graphite show tha} 
is entirely satisfactory as a susceptor material, its resisti| 
(8 x 105 c.g.s.) comparing favourably to that of 
polycrystalline graphite. Although its resistivity is some 
lower, the wall thickness of the pyrolytic graphite crucible 4} 
be made quite low, approaching the optimum, thus permitt 
a considerable gain in heating efficiency. It may there 
be anticipated that pyrolytic graphite will eventually repl 
the conventional polycrystalline graphite as a suscep 
crucible, whenever the desirability of eliminating all sour 
of contamination in the furnace is sufficiently important. 


9. Experimental results and discussion 
9.1. Heating of small crucible to above 3000° c 


Using a number of small polycrystalline graphite cruci 
(2cm diameter x 2:4-2:9cm high) temperatures in ex 
of 3000° c have been achieved in this induction furnace. | 
general the crucibles were outgassed under vacuum for abe 
30 minutes at 2000-2200° c. At higher temperatures, 
prevent appreciable evaporation of the carbon, one at 
sphere pressure of argon was used. The voltage across t 
coil was determined by rectifying with a Brimar SR4GY 
wave rectifier and stored on a 0:05 wr capacitor of 5 
d.c. rating. The voltage on the capacitor was measured 
an Avometer as d.c. peak voltage across the coil. 


9.2. Effect of heat treatment on resistivity of the graphit 


The current in the work coil can be determined when 
impedance of the coil is known. It can be shown that 
resistive component of this impedance is negligible in p 
portion to the inductive reactance, so that 


APs 
 2a/ 2a fL q 


Data obtained with a small polycrystalline grap 
crucible (2:0cm diameter x 2:7cm high) are presenti 
graphically in Fig. 8. From Egns (3), (4), (8) and (12) i 
seen that the absolute temperature of a crucible should 
proportional to the square root of the voltage across 
coil. Theoretical curves are plotted in this figure for re: 
tivities of 1-0 and 1-4 x 10-3 ohmem for graphite. As 
illustrated in Fig. 8, during the first heating of this cruci 
the experimentally indicated resistivity exceeded 1-4 x 1 
until a temperature of 2800°c was reached. The res 
suggest that the high resistivity is due to the low degree | 
graphitization of this type of graphite. The appar 
resistivity of the crucible decreased markedly during 
30-minute period at which the sample was held at 2800° 
When the same crucible after cooling to room temperate 
was reheated to 3100° c the resistivity measured was of t 
order of 1-2 x 10-3 ohmem. This value is in good gene 
agreement with other determinations for this type of graph 
(Hove 1958), suggesting that the theory developed by Riba 
may be applied successfully to the interesting problem 
determining approximate resistivities of various suscept 
materials at these very high temperatures. In an experime 
when the crucible was held at 3110°c a considerable amot 
of carbon dust was emitted from the sample, indicating t 
undesirability of using this polycrystalline graphite at su 
high temperatures. 

_The accuracy of the resistivity measurements by this tec 
nique depends on the accuracy with which the temperati 


vf 
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land heat emissivity of the load, as well as the coil current, can 
oe determined. The emissivity has been determined quite 
‘accurately elsewhere in the case of polycrystalline graphite 
‘(Campbell 1956). Since the resistivity varies as the 8th 


-3 ie - 
p=t4x10 nen [fsa 


Ry 


i 3000 


Temperature of crucible CC) 


1500 2000 


: 000 
Peak voltage across coil 


_ Fig. 8. Temperature of crucibles as a function of coil voltage. 

!) Correlation between theory and experimental results: A, 

i crucible 2-0cm dia. x 2:7cm high, coil 3:2cm_ dia. 

rao lcm high; B, crucible 2-7cm dia. x 3:9cm high, 
coil 5:5 cm dia. x 6:0 cm high. 


Theory shown by full lines, and experimental results by broken 
lines. 


‘ower of the absolute temperature of the load, an error of 
Wt0-75% in optical pyrometry reading will mean an error 


n the estimated resistivity of about +6%. 


I 


jhe generator. 


, calculated inductance of 2:50 H. 


4 r4% in the resistivity will result, 
‘lesistivity varies as the 4th power of the coil current. 
articular measurement of resistivity will thus be subject to 
jn error of about +10%. 
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Our results show that the technique for determining the 
oil current by measuring the peak voltage across the coil 
nd calculating the inductance of the work coil is quite 
jjatisfactory. For example, the experimentally measured peak 
‘oltage across an unloaded work coil of inductance 0-75 wH 
yas 1470 v, compared with 1450 v calculated from Fig. 6 
vhich presents data supplied by the manufacturers of 
Similarly for a larger coil (5-Scm dia- 
neter X 6:0cm high) the experimental peak voltage was 
1520 v compared with 2560 v calculated from Fig. 6 at 
Assuming an error of 
‘1t1% in the measurement of the coil current, an error of 
since the calculated 
Any 
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results of which are discussed elsewhere (Blackman, Saunders 
and Ubbelohde, unpublished observations). Temperatures 
up to 2800°c in an argon atmosphere were applied to 
samples held in a polycrystalline graphite crucible as the 
susceptor material for a period of 30 minutes. The operation 
was completed quickly and cleanly; a negligible amount of 
soot particles was discharged by the crucible at this 
temperature. 


9.4. Heating of crucibles of larger surface area using 

radiation shields 

Some experimental work has been carried out using a 
crucible of diameter 2-7 cm and height 3:9 cm with a coil 
5-Scm diameter and 6:0cm high. Results on a single 
heating of such a crucible are presented in Fig. 8 for com- 
parison with those obtained with the smaller crucible. The 
experimentally measured resistivity of this crucible over the 
temperature range 1300—2200° c was about 1:2 x 10-3 ohm 
cm. 

Preliminary work with this large crucible and coil has 
shown that molybdenum radiation shields increased the 
crucible temperature by 200-250 deg c in the temperature 
range 1400-1700° c. This indicates an increase of effective 
wattage by a factor of about 70%. 
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Abstract 


The pumping of nitrogen and hydrogen in Bayard-Alpert 
gauges has been investigated as a function of the electrode 
potentials, the gauge temperature and the gas charge upon 
the walls. The results are compared with earlier values 
obtained in argon and in which the pumping mechanism 
is known. It is shown that ion pumping cannot account 
for the high pumpirg speed of nitrogen and it is concluded 
that mechanisms such as sputtering of the tungsten filament 
and the formation of tungsten nitride or the production 
of metastable nitrogen are unlikely to explain the 
observations. The pumping of hydrogen is confirmed to 
be due to dissociation of Hy at the cathode with sub- 
sequent physical adsorption of H atoms at the walls, and 
is found to be greatly in excess of any ion pumping which 
may occur. 

The presence of liquid nitrogen traps during experiments 
was found to exert a profound effect on the gauge pumping 
of nitrogen. 


Introduction 


been made of the pumping properties of ionization 

gauges (Alpert 1953), particularly the Bayard—Alpert 
(Bayard and Alpert 1950) modification of this device, 
generally without full knowledge of the pumping mechanism. 
Alpert (1953) and his colleagues and Young (1956) investi- 
gated the pumping of nitrogen and helium and Bills and 
Carleton (1958) observed the sorption of nitrogen but in 
none of these investigations were the effects of variations of 
important gauge parameters comprehensively studied. The 
reaction of hydrogen with a hot tungsten filament in the 
presence of a glass surface, on the other hand, has been 
studied by Langmuir (1915) and by Ehrlich (1961) and his 
associates but again the pumping properties of the Bayard— 
Alpert gauge for the gas have not been reported. 

In this laboratory investigations of the sorption of inert 
gases (Carter and Leck 1961, Cobic, Carter and Leck 1961) 
have been undertaken in order to establish the ion pumping 
mechanism in these gases and it was felt desirable to conduct 
experiments in more active gases also to determine the 
importance of different processes occurring in these gases. 
The work described in this communication is the result of 
this investigation, and the essential differences between the 
pumping of the inert gases and the more active gases nitrogen 
and hydrogen are pointed out and explanations for the 
variations offered. 

The processes which contribute towards the kinetics of 


iE the production of ultra high vacuum, much use has 


* Now at Institute of Nuclear Science, Belgrade. 


BRITISH JOURNAL OF APPLIED PHYSICS 


and J. H. LECK, M.Eng., Ph.D., A.Inst.P., AMLE.E.,| 
Department of Electrical Engineering, The University of ‘Liverpool 


384 


| 


the pumping in these gases is analysed in some detail and 
most efficient manner of operating the gauges as pump 
also discussed. 


Experimental 


The experimental techniques employed in this investiga) 
are fully described elsewhere and require only brief reité 
tion (Cobic, Carter and Leck 1961). Two Bayard—Alj 
gauges constructed in Pyrex glass were used, one to pu 
the gas, the other, operated at a low emission, to record | 
pumping. The static volume technique was used alm 
exclusively for the inert gases and nitrogen, but the dyna/ 
technique in which pumping of the gauge balanced a a 
tinuous introduction of gas was used in the case of 
rapidly pumping hydrogen. The measurement of speed 
the static system was made by observing the slope of 
(log p, t) pump-down curve and in the dynamic system 
observing the quasi-equilibrium pressure in the ga 
established by a measured leak in rate. The measuremen 
sorbed quantity in the static system was easily effected 
observing the pressure reduction while in the dyna 
system this quantity was found by computing the quans 
of gas which had flowed into the system plus any qua 
resulting from a drop in pressure. Electron emission curr 
and electron collector potential variation was achieved 
varying component values in the emission control unit w} 
the gauge wall temperature was varied by controlling 
power input to a small oven or by immersion in a cryost 
bath. 


Results 


Since the pumping of argon was found to be representa 
of that in all the inert gases investigated, as reported ea 
(Carter and Leck 1961, Cobic, Carter and Leck 1961), 
the exception of helium, it is proposed to discuss this for 
gas only in conjunction with nitrogen and hydrogen. 

Typical static pump-downs and thermal recovery in b 
argon and nitrogen are shown in Fig. 1 and in Figs 2, 3 a 
are shown the relationships between speed, quantity, volt 
and temperature for these gases. The most obvious differe: 
between the two gases is that under almost all conditis 
argon pumps at a speed less than one fifth that of nitrog 
For the experiments on nitrogen it was found necessary 
remove the liquid nitrogen refrigerant around the vape 
trap and replace this with a solid CO,—acetone mixture 
order to eliminate physical adsorption effects which obscu 
the true pumping action. As a result of these phys 
adsorption effects in the presence of a liquid nitrogen trap | 
speed of pumping was observed to be a strong function of | 
gas pressure, as shown in curve 2 of Fig. 5, the implicat 
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Fig. 3. (a) The dependence of the initial pumping speed upon the electron collector potential for argon 
and nitrogen. Note that curve 2 was obtained in the presence of liquid nitrogen trapping. (6) The 
dependence of the maximum quantity of gas pumped by the gauge upon the electron collector potential. 
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Fig. 4. (a) The dependence of the initial pumping speed upon the temperature of the gauge. (b) The 
dependence of the maximum quantity of gas pumped by the gauge upon the temperature of the gauge. 
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a function of the electron emission current for argon and nitrogen. 
at zero emission current for argon was due to a leaking vacuum valve and monitor gauge 


pumping. 


of which is discussed more fully in the appendix, but 
when cooling to only —78°c was used the speed was 
observed to be pressure independent and linearly dependent 
upon electron emission current (curves | and 3 of Fig. 5). 
It is noted that the observed pumping speed of N, at room 
temperature and at an electron accelerating voltage of 250 v 
is of similar magnitude to that reported by Alpert (1953), 
Young (1956) and Bills and Carleton (1958) and the ratio 
of the speeds for A and Nj are in order of magnitude agree- 
ment with results obtained with a diode type ion pump by 
Jenkins and Trodden (1960). The dependence of speed upon 
voltage in the presence of liquid nitrogen trapping is shown 
in Fig. 3 and the profound influence of this trap upon the 
pumping is further evidence. Since it was not possible to 
use liquid nitrogen refrigeration the thermal recovery of 
nitrogen could not be recorded accurately because of gross 
background desorption. The speed, however, fell to zero at 
a gauge temperature of about 450° c so that almost complete 
recovery could be expected by heating to 400° c. Desorption 
at ambient temperature was observed as in argon and as in 
this latter gas only 1% of the pumped gas was recovered. 
In nitrogen as in the inert gases no pumping was observed 
if the filament was activated but no electrode potentials 
applied, hydrogen on the other hand was observed to pump 
rapidly with the filament heated only. Using the dynamic 
technique the pumping speed of this latter gas was determined 
as a function of the filament temperature and the quantity 
of gas pumped. The pumping action due to the heated 
filament was greatly in excess of any pumping due to the 
application of electrode potentials and the magnitude of this 
latter could not be determined. It is, however, probably 
similar to that for helium, since the two atoms have similar 
diffusion coefficients in glass (Norton 1954) and can be 
expected to penetrate the surface with similar efficiency. 
Thermal recovery of the pumped hydrogen could be realized 
by baking the glass to about 150° c indicating a range of 
activation energies for desorption from about 25-30 kcal/mole. 


Discussion 


Other investigators have advanced phenomenological 
theories for the sorption of nitrogen (Alpert 1953, Bayard 
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(a) The initial pumping speed as a function of gas pressure for nitrogen. 
was obtained in the presence of liquid nitrogen trapping. (6) The initial pumping speed as 
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The small pumping speed 


and Alpert 1950), helium (Varnerin and Carmichael 19 
and hydrogen (Hickmott 1960) on glass, many of which mz 
simplifying assumptions to facilitate analysis but which . 
not always experimentally justified. A general analysis 
all gases is extremely complex and it is believed contrib 
little to the understanding of the phenomenon because 
the many over-simplifications necessary to achieve a tract 
solution. Consequently the present discussion is confine 
a qualitative appraisal of the processes involved in the cl 
up and the way in which these contribute to the obser 
pumping characteristics. This analysis does involve the 
basic assumption, however, that the clean up is the resul 
the collision of gas molecules activated by some agency 
hot metal surface, or an electron stream with discrete s 
on the glass walls of the test cell. This assumption appe 
justified, since all experimental evidence (Young 19 
Carter and Leck 1961, Cobic, Carter and Leck 19 
Hickmott 1960) supports this belief. It is the magnitude 
the various kinetic processes which occur at these sites wh 
will determine the characteristic form of the pumping i 
given gas. 

In a test cell, isolated from all other sources and sinks 
gas, the rate of production of activated particles will 
proportional to the gas concentration and will depend up 
the activating agency. Similarly the rate of bombardme 
of the walls will be proportional to the gas concentrati 
and will depend upon the gas molecular speed, a functi 
of the electrode potentials in the case of ion pumping a 
of surface temperatures in the case of dissociation pumpir 
The rate of collision of active molecules with vacant si’ 
will be dependent upon the relative occupation of these sit 
Consequently, as more sites become filled, the chance of 
bombarding particle striking a vacant site diminishes, a 
thus the probability of clean up of a particle will decrez 
with increasing site occupation. On collision with a vaca 
site the bombarding particle may be captured or may 
returned to the gas, retaining or without activity. (¢ 
collision with a filled site it is possible that emission of t 
captured particle may occur and the bombarding partic 
may or may not take its place. The probability of collisi 
of an activated particle with a filled site will increase wi 
increasing site occupation and so the release of trapped g 


VoL. 12, Aucusr 1961 


van be expected to increase as the sites fill up. Simultaneously 
with this release process, which is a form of gas sputtering, 
1 second process can occur. This is the natural thermal 
jesorption of captured particles into the gas. It has been 
shown that a wide variety of sites exist with a wide range of 
ictivation energies for desorption, some of which lead to a 
iticking time shorter or comparable to the experimental 
ime, others which result in the almost permanent binding 
of the gas to the glass. Sites which have a low binding energy 
less than about 15 kcal/mole) will not appear to participate 
n the pumping while those of high binding energy will 
sontribute most to the sorption. Those sites whose energy 
eads to desorption in times comparable with the observation 
imes will be those which lead to complexities in the pumping 
characteristics (i.e. sites with energies greater than about 
8 kcal/mole). 

Initially, when no gas is sorbed, the pumping rate will 
lepend only upon the particle flux to the walls and the 
yrobability of sorption of a bombarding particle. In the 
‘ase of rare gases it has been shown that the activated 
yarticles are ions and consequently the ratio of the clean up 
ate to the ion bombardment rate of the walls, will give the 
ticking efficiency for rare gas ions. The ion bombardment 
»f the walls can be represented by the manometric sensitivity 
bf the gauge and the ratio of the bombardment of the walls 
wo that of the collector can be measured in a subsidiary 
i/xperiment. From these observations it can be calculated 
(jhat the ion sticking efficiency for argon is of the order 
iS at 260 v while that for nitrogen is greater than unity at 
60 v and considerably higher than this at higher and lower 
jpotentials. The implication of this will be discussed below. 
4) As pumping proceeds sites become filled and the possibility 
‘of a bombarding particle striking a vacant site decreases, 
spvolution from filled sites also takes place both by gas 
.jputtering and by thermal desorption from the low energy 
jites. All these effects tend to diminish the pumping rate, 
,nd their relative efficiency depends upon the state of 
\yecupation of filled sites. When comparatively few sites are 
willed, for example by a single pump-down from a pressure 
if 10-5 torr (where the maximum quantity pumpable is of 
he order 0-01 |. mtorr), the first two effects tend to reduce 
he pumping rate only slightly. However, the third process 
jjaay affect the pumping rate considerably, since even at low 
otal site populations, the low energy sites were observed to 
ewell populated (from desorption after pump-down measure- 
jnents). Since, as the gas is pumped, the pressure falls and 
jae rate of bombardment of the walls decreases, the rate of 


vith the ated rate, consequently the observed pumping 
The stage of the pump- -down at which this 


Jates for different sticking efficiencies. It was thus observed 
gat nitrogen, which has an apparent sticking efficiency 
Me choc an order of magnitude larger than that of 


jit a pressure one-tenth that of argon if initial pressures were 
jqual, while the desorption of these gases indicates similar 
jow energy site populations. (We may note that the 
ressures in question here are of the order 100 x the ultimate 
‘ressure and so background gas desorption will contribute 
tile to the speed diminution.) If at this stage the gauge is 
jaused to stop pumping, a thermal recovery of gas having 
\nergies of activation for desorption between 20 and 
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25 kcal/mole is observed and if the initial desorption rate is 
added to the observed pumping rate just before switching 
off the gauge, then a true pumping speed is obtained. 
Experimentally, gas is then admitted to the gauge to restore 
the initial pressure and under these conditions the surface 
bombardment rate will greatly exceed the desorption rate, 
so that the measured pumping speed here is correct. A 
comparison of this speed with the calculated true speed at 
the end of the previous pump-down shows agreement 
between the two, 


e.g. calculated true speed at end of first pump-down = 
1-44 x 10-71.s-!ma~! from characteristics as in 
Ds) (aa 
measured speed at beginning of second pump-down = 
1°42" 10771. s=! ma 
calculated true speed at end of second pump-down = 
116" 10-713" mal: 
measured speed at beginning of third pump-down = 
1225 10-" simak 


indicating the validity of our argument. From this discussion 
it is obvious that the thermal desorption processes are most 
pronounced at low bombardment rates. The other evolution 
process, the gas sputtering, which may be the result of 
emission by direct collision of a bombarding particle with a 
captured atom or by erosion of the glass (Carmichael and 
Trendelenberg 1958) with the attendant emission of the 
captured gas, on the other hand, is less effective at low 
bombardment rates since this process relies on collision of 
bombarding particles with the surface, it does increase, 
however, as the filled site population increases, i.e. with 
continued pump-down. As more gas is pumped and more 
sites fill, the collision frequency with empty sites decreases, 
and this, combined with the increased evolution, results in 
a drop in the pumping speed. Thus the initial speeds at 
each pump-down, which are essentially free from thermal 
desorption effects, decrease continuously. Eventually, the 
sorption rate will be balanced by the evolution rate when 
the appropriate number of sites are filled, no further net 
sorption will occur and the pumping speed will fall to zero. 
This quantity of sorbed gas is the maximum quantity which 
can be sorbed under either static or dynamic conditions for 
any bombardment rate provided the parameters ion energy 
and tube temperature are maintained constant. In the 
absence of the normal thermal desorption and evolution of 
background gas, it would theoretically be possible to pump 
all the gas from a static system provided the quantity of gas 
originally present was less than that required for saturation, 
practically the thermal desorption processes cause the 
effective pumping action to cease at relatively high pressures. 
However, experiments to be described shortly have shown 
how this limiting pressure can be reduced by suitable opera- 
tion of the gauge. When the maximum quantity of gas 
pumpable has been sorbed the sticking and evolution rates 
are balanced, and the higher the sticking probability per 
bombarding particle the larger will be the total sorbed 
quantity. Thus the much larger quantity of nitrogen pump- 
able is to be expected from the apparently high sticking 
efficiency for this gas. 

The high sticking efficiency for nitrogen in fact leads one 
to examine the sorption mechanism for this gas. If the 
sticking efficiency for argon, in which it is reasonably certain 
the important mechanism is the collision of ions with the 
walls, is computed, it is found to be of the order 0-5. Since 
the sensitivity of the ion gauge to nitrogen is approximately 
the same as that for argon (Leck 1957) and the ionization 
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efficiency curves (Smith 1930) for the two gases are similar, 
it is reasonable to believe that the ion bombardment of the 
walls will be similar in each case, thus leading to apparent 
sticking efficiencies for nitrogen of 2:5. Even if the ratio 
of the ion flux to the walls to that to the ion collector was 
underestimated in the present work (2:6 compared with 
between 4 and 7 quoted by Bloomer and Haine (1953) and 
by Young (1956)) leading to overestimates of sticking 
efficiencies the sticking efficiency for nitrogen is from 5 to 
6 times that of argon. It is difficult to account for this 
increased efficiency by postulating an increased capture site 
density or an increased sticking probability for this gas 
because of its molecular size, since neon and argon, between 
which nitrogen is intermediate, have similar sticking 
efficiencies. It is thus necessary to assume that either the 
activated particle sorption is not entirely ionic or that the 
mechanism of sorption is entirely different. Considering the 
former possibility, Bloomer and Haine (1953) and Alpert 
(1953) postulated that metastable nitrogen molecules were 
the sorbing entities, but, while the rate of production of these 
can be expected to increase as a similar function of electron 
energy as the ionization rate (Massey 1956), it is difficult to 
understand how merely metastable molecules, not under the 
influence of electric fields, can penetrate into the energetic 
sites (requiring energies of activation for desorption between 
25 and 50 kcal/mole). 

If other mechanisms are involved the most likely will be 
the production of tungsten nitride on the glass surface. 
Langmuir (1913) has shown that at sufficiently high filament 
temperatures tungsten evaporates, collides with nitrogen 
molecules forming tungsten nitride which subsequently 
condenses on the glass walls. In the present work the 
filaments operate at lower temperatures than necessary to 
account for a sufficient evaporation rate, easily verified by 
removing electrode potentials but maintaining the filament 
hot, but there is likely to be a high ion bombardment of the 
filament. Although measurements of the sputtering of high 
temperature tungsten by several hundred electron volt 
nitrogen ions are not available, it is possible that the sputter- 
ing coefficient is of order unity. The sputtered metal may 
then combine with the bombarding nitrogen, and the nitride 
subsequently evaporate to the glass walls, or tungsten freshly 
sputtered to the wall may be quickly struck by a bombarding 
gas molecule and the nitride formed. Whichever of these 
may be active the pumping speed will be pressure independent 
as observed, whereas if collisions between sputtered tungsten 
and nitrogen in the gas phase were important there would 
be a strong pressure dependence. The magnitude of the 
sputtering coefficient will determine the pumping speed and 
it is thus possible to account for the observed speed. The 
speed will be expected to increase with the increasing electron 
collector potential as observed since the sputtering rate will 
increase with ion energy. If this mechanism is operative one 
would expect no decrease in pumping speed with increased 
pumped quantity since fresh tungsten would be continuously 
deposited, and there would be no limit to the quantity 
pumpable, contrary to the observations. Again, if this 
mechanism is important one would expect the energy of 
binding of the tungsten nitride to the glass to be greater than 
the observed maximum 50 kcal/mole, since it will undoubtedly 
be a chemical bond (the pumping action of nitrogen is 
observed to fall to zero at about 450° c, equivalent to a 
maximum energy of binding of about 50 kcal/mole while 
observed energies of desorption of nitrogen from tungsten 
all lie above about 80 kcal/mole (Ehrlich 1955)). For these 
reasons it is felt that this latter mechanism is unacceptable. 
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In the case of hydrogen, since pumping was evident in ¢ 
absence of electrode potentials, and since the pumping sp« 
increased rapidly with filament temperature, it is patent t 
pumping is the result of dissociation of hydrogen molecu 
at the filament with subsequent adsorption of aton 
hydrogen at the walls, as has been established in earl 
work. The temperature of the filament was not measur 
accurately in this work and so the observed manner | 
variation of pumping speed with temperature is not report 
here. However, no pumping was observed below a tempet 
ture of about 1100° c, but above this temperature pumpi 
increased rapidly up to a speed of about 7yo1./s at aba 
1600° c. There was apparently no dependence of sp 
upon pressure, but the speed decreased with an increasi| 
gas charge on the walls, both of which are to be expec 
if the pumping mechanism is due to the dissociatis 
mechanism and available sites on the walls fill with increasi 
atom bombardment. | 

The recovery of gas after sorption indicates a range 
energies of binding up to about 30 kcal/mole for the hydrogs 
adatoms, while Hickmott’s (1960) results indicate values | 
25 kcal/mole and above for this energy, in reasonable agr 
ment with the present estimate. As indicated by Hickme 
the pump-down characteristics in hydrogen will thus be t 
result of competition between the dissociation at the filam 
and the recombination of hydrogen adatoms and ato 
striking them from the gas phase. The speed of the forn 
process, however, renders observations in a static syst 
almost impossible. 


Optimum pumping conditions 

It has been shown that in a static pump-down, in both t 
rare gases and nitrogen, the ultimate pressure attainable 
determined by thermal desorption of gas trapped in 1 
energy sites (<.25 kcal/mole). Two methods of reduci 
the ultimate pressure were tried and found successful. F 
a given quantity sorbed in low energy sites, the low 
pressure will be obtained with a high bombardment raj 
(and consequently sticking rate). By increasing the electr 
emission rate it was found that the ultimate pressure attai 
able could be substantially reduced, in a shorter pumpi 
time of course. A similar result was obtained by operati 
the gauge at higher than normal electron collector potenti 
with the consequent increase in sticking efficiency. T. 
second method relied on the fact that if fewer low energ 
sites were filled the thermal desorption rate would 
decreased, thus allowing a lower ultimate pressure. 
achieve this, the initial gauge pumping in argon was carrid 
out at a tube temperature of about 125° c so that particl 
entering low energy sites would be quickly released and 
the sorption would be into comparatively high energy sit 
When a fairly low pressure had been reached, i.e. most 
the gas had been sorbed, the gauge temperature was reduc 
and the pumping continued at a faster rate because of t 
increased site availability. The desorption rate was ni 
much lower because of the decreased low energy si 
population and in the same total time taken as for a pum] 
down entirely at room temperature the pressure attaine 
was considerably reduced (Fig. 6 shows these effects). 
the temperature during the initial pumping is increased 1 
200° c, the time taken to reach a similar ultimate pressu: 
is increased because of the reduction in initial pumping speed 
however, operation at higher emission currents would ove 
come this difficulty. It thus appears that better performanc 
of the gauge can be obtained by initial operation at hig 
emission, high electron energy and higher temperature. 
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{| Fig. 6. The pump-down in nitrogen when the gauge was 
m4, Continuously operated at room temperature and when the 
.| gauge was initially operated at 125°c and subsequently 
reduced to room temperature. 


Conclusions 


|| The pumping action of the Bayard—Alpert gauge for the 
‘are gases, nitrogen and hydrogen has been studied under 
various conditions of discharge parameters and tube tempera- 
ure. The results indicate that the rare gases pump because 
of collision of gas ions with the walls, but no suitable 
{nechanism can be suggested for nitrogen. Dissociation of 
‘nydrogen at the tungsten filament and adsorption of the 
‘yas atoms at the glass accounts for pumping in this gas. 
‘The results indicate that a number of kinetic processes, 
“including sorption, gas sputtering and thermal evolution, 
ontribute to the pumping action and their relative importance 
vas discussed. It would appear that in a mixture of gases 
‘The overall pumping action would be extremely complex. 
4 Sptimum pumping conditions for the gauge were studied 
‘nd it was found that better operation was achieved by 
‘Initially pumping at a high tube temperature. 


Appendix 


The effect of physical adsorption at refrigerated walls 
on pumping speed measurements 


' Before a pump-down was commenced in the static system 
he test gas was admitted to the required starting pressure 
4vith the gauge inactive. During this admission period some 
\zas would physically adsorb upon the walls of the refrigerated 
jirap until a layer in dynamic equilibrium with the obtaining 
zas pressure was established. On subsequent operation of 
+he ion pump gas would be removed from the system with 
4. consequent reduction in pressure. Simultaneous evolution 
jirom the trap would therefore occur since the walls would 
jaave become overconcentrated. The observed pumping 
/ vate would be the resultant of the simultaneous gauge pump- 
ng and the trap evolution. 

} Since the adsorption isotherm for nitrogen on glass 
‘Langmuir 1918) is of a form which tends to saturation at 
sow pressures (~10~‘ torr) at —196°Kk, then the above 
wffect is appreciable under the operating experimental 
honditions. At the lowest pressures (~10~> torr) the 
bbyolution rate from the trap may be as high as 90% of the 
jrue pumping rate, leading to an apparent pumping speed 
bf only 10% of the true value. At higher pressures 
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(~10~‘ torr) the equilibrium concentration of gas upon the 
walls becomes increasingly less dependent upon the gas 
pressure, and the evolution rate decreases in comparison with 
the gauge pumping rate. The observed pumping speed 
therefore increases towards the true pumping speed. The 
form of curve 2 of Fig. 5(a) is explained on this basis. 

If the trap is refrigerated only to —78° c, physical adsorp- 
tion on the walls is greatly diminished (saturation pressures 
are six orders of magnitude higher than at —196° c) and 
true values of ion pumping speed can be deduced (curve 1 
of Fig. 5(a)). Gases such as argon, neon and helium, which 
have low energies of physical adsorption, exhibit these 
effects only at temperatures appreciably below —196° c 
An estimate of the adsorption energy of nitrogen on glass 
was made from the observed pressure reduction on cooling 
a known area of glass, at about 3-5 kcal/mole, which is not 
an unrealistic value for the adsorption energy of a gas on 
glass (de Boer 1953). 

Hobson and Redhead (1960) have also reported complex 
pumping effects when ion and adsorption pumping co- 
operate, but were unable to account fully for the apparent 
inter-relationship between the two. The above explanation, 
it is believed, assists in a clearer understanding of these 
effects. 
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Abstract 


Methods of solving many well-known problems in elasticity 
by means of passive resistance networks are reviewed, and 
the difficulties encountered when the governing partial 
differential equation is of the hyperbolic type are discussed. 

The use of a new and very simple negative resistance, 
which has been incorporated into the pure resistance 
networks, is described and the results of several repre- 
sentative experiments are given. 


Introduction 


“ANY problems in elasticity have been solved by 

electrical analogic methods using pure passive 

resistance networks and well-known examples of 
the type of problem which can be solved by this method are 
those of the St. Venant torsion problem (Redshaw 1960), the 
deflection and extension of flat plates (Palmer and Redshaw 
1955) and the deflection of beams on elastic foundations 
(Palmer 1955). Although many problems of engineering 
importance can be solved readily with a pure resistance 
network, nevertheless there are many additional problems 
which are not amenable to solution by this method. For 
example, problems of the extension of a plate with known 
boundary tractions, or the flexure of a plate with simply 
supported or built in edges present no difficulty in solution 
by the pure resistance network; but the extension of a plate 
with boundary displacements specified, or the flexure of a 
plate with free edges, are not readily representated by this 
analogue (Redshaw and Rushton 1961). 

In addition, there are certain problems such as that of the 
laterally loaded strut and the solution of eigenvalue problems 
concerning the critical buckling loads of struts, which cannot 
be attempted by the use of the positive resistance network. 
The difficulty arises because of the form of the governing 
differential equation. In the torsion problem, for example, 
the equation is of the elliptic type, being either that of 
Laplace or Poisson; whereas in the case of the laterally 
loaded strut an equation of the hyperbolic type holds. Again, 
in the extension and flexure of plates, a solution can normally 
be obtained either by solving the biharmonic or Lagrange 
form of the fourth order partial differential equation or, 
alternatively, two second order simultaneous partial dif- 
ferential equations can be solved. In electrical analogic 
methods there are four main methods of attack: 

(i) The fourth order equation can be split into two second 
order equations and a pure resistance cascaded network used. 

(ii) The governing equation may be solved immediately 
providing an inductance-capacitance net is devised. 

(ili) A cascaded network may be used; the network may 
include resistors, capacitors and inductors, and would be 
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coupled not by resistances but by essentially perfect tra 
formers. | 

(iv) The equations can be solved by means of pure resi 
tance networks interconnected by positive and negatiy 
resistances. 

One feature which all these methods have in common 
that the equations which are solved are the finite difference 
approximations of the actual partial differential equations. 

As has been mentioned, the first method can only be use 
for a certain type of problem. The use of an inductance 
capacitance network is well known in theory (Kron 194¢ 
but, except for a few isolated examples, where a very coars 
network has been employed (Carter 1944), no progre 
appears to have been made with this method because of t 
very great difficulty which arises when inductors a 
capacitors have to be matched to very close limits togethé 
with experimental difficulty of coping with unwante} 
parasitic electrical effects. 

The third method, which centres round the use of a perfed 
transformer, has been used in a number of examples k 
several investigators (Russell and MacNeal 1953). Here tk 
great difficulty is in obtaining the large number of essentia 
perfect transformers which are required if anything othe 
than a very coarse net is needed and it would appear, fror 
reported work, that it is necessary to feed in correcti 
currents to allow for the departure from the ideal of t 
transformers. Also, as the networks are not purely resistive 
the difficulty of out of phase effects is present. 

The fourth method is attractive because pure resistanc 
networks can be used provided a suitable negative resistance 
can be found. The negative resistance is, in effect, a devic 
for causing a current to flow in a direction opposite to th 
in which it would flow in a positive resistance of equal valué 
Several different types of negative resistance have bee! 
devised for various purposes but it would appear that 7 
only one which has been used for problems in elasticity 
that described by Swenson (1952) but, for reasons whic: 
will be described later, there are great practical difficultie 
in using this method. 

The transistor negative resistance which was used in th 
fourth method, which is described in this paper, was devise: 
in the Electrical Engineering Department of the Universit 
of Birmingham and it provides a simple, cheap and accurat 
representation of the required element. 


2. The transistor negative resistance 


With direct current circuits, the characteristic of a negativ 
resistance can be obtained by several different methods 
Swenson’s circuit consisted of adjustable resistances an 
batteries which, when adjusted correctly, behaved as | 
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negative resistance. However, if several of these units occur 
\ in one circuit the setting of one upsets the adjustment of 
*t others. 

Recently, Indiresan (1959) has devised a negative resistance 
which depends on stabilized positive feedback. By utilizing 
miniature dry batteries a single unit consists of only two 
transistors, eight pure resistances and one battery; a circuit 
diagram of a single unit is given in Fig. 1. It is interesting 


DOv 


+15y 
Fig. 1. Transistor negative resistance of —2000 ohms. 


Negative resistance characteristic A and B. 7, and T> matched 
pairs of O.C. 72 transistors. R,=100 Q, R2=670 Q (variable), 
R3 = 2000 2, Ry = 1000 Q. 


to note that the components involved lend themselves 
iireadily to miniaturization. The unit has the following 
iif assets : 
(i) It will operate with direct current. 

(ii) It is independent of external connections and is, 
i therefore, unaffected by any other similar unit in the same 
‘| network. 

(iii) It is compact, economical in cost and power con- 


fete) 


VOLTAGE, VOLTS 


3 


Fig. 2. Negative resistance characteristic. 


/certain maximum voltage. Since it is difficult to match all 
the components exactly, a small current does flow with zero 
voltage across the terminals; however, this error can be 
ancelled out by changing the sign of the applied voltage 
jonce every second. The effective tolerance of the negative 
esistance, which is less than +1%, is of the same magnitude 
as that of the positive resistances used in the circuits. 
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If the value of the normal positive resistor is 100 ohms, 
the value actually used in the networks, the resistance value 
of the negative resistor would be in the region of 1000 ohms. 


3. The negative resistance applied to strut problems 


The use and potentialities of the negative resistance can 
be best demonstrated by giving a description of some typical 
experiments and, in the following sections, the problem of 
the laterally loaded strut and the determination of the 


critical buckling load of a strut will be described. 


3.1. Laterally loaded strut 


A pure resistance analogue for the flexure of beams has 
previously been described by Palmer (1955). Whilst investi- 
gating the axial loading of beams, he found that a tensile 
load could be represented automatically, but a compressive 
load demanded an iterative procedure. However, with the 
aid of a negative resistance the compressive axial load can 


be represented automatically. 


The differential equation governing the deflection of a 
beam under an axial load P, a distributed lateral load g 


and end moment Mf is 


dt*w d*w 
ee mee 
where P is positive when tensile. 
d?w 
Si M=-— EI 
ince 2 
Eqn (1) can be re-written as 
d*M P 
WV Of == (0), 
deg bl 


Eqns (2) and (3) in finite difference form become 


Ph? ’ 
M, + M, 2M EM + gh =a) 
h2 
Wy | W3 2Wo Eo 0 


Fig. 3. Electrical analogy for laterally loaded strut. 


(1) 


(2) 


(3) 


(4) 


(5) 


Writing Kirchhoff’s law for the resistance network in 


Fig. 3, we have 


2Vo RY ! 


(6) 


(7) 
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Equations (4) and (6), also (5) and (7), are seen to be 
analogous and the following identities can be noted: 


R h2 

Vv=wW b= y EI 
RR 4g pR 

= =F Rees 
aes aoa pee: 


If the axial load P is compressive, that is if it is negative, 
then the resistance Rp must have a negative value. A typical 
experiment is specified in Fig. 4(a). The operation of the 


UNIFORM LOAD 
reo era aeiei Wits Bele) ess 
(a) 


Me Me 


T=p =1002, R=zR!=100K2, ®n =—2000 2, 


i ae ae i 


OES fe a te de 
ve Uy 7; ie af 


pon ie 


X EXPERIMENTAL 
— THEORETICAL 


MOMENTS 


Fig. 4. Laterally loaded strut, result of experiment. 


analogue to analyse the problem of a laterally loaded strut 
is particularly simple since it only entaiis the setting up of 
certain potentials to the network, no iteration being necessary. 
To the network shown in Fig. 4(b) a potential is applied to 
all nodes of the upper net to represent the uniform lateral 
load and the earthed negative resistances simulate the axial 
load. The end moments are applied as voltages to the 
corresponding points on the middle net and the earthing of 
the boundaries of the lower net is analogous to the pinned 
ends. 

Once the potentials have been applied to the boundaries 
the voltages of the internal nodes are directly proportional 
to the moments and deflections. The potentials are most 
easily measured using a null method with a potential dividing 
resistance. 

For the electrical analogue solution it will be seen that the 
beam was divided into eight mesh lengths and a comparison 
between the analogue results and the computation of the 
moments and deflections derived from a Howard (1928) 
polar diagram are given in Figs 4(c) and 4(d). 
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The agreement between theoretical and experiment 
values is good, the maximum error being less than 1%. | 

Although the case of a strut of uniform flexural rigidit 
has been examined in this example, nevertheless there is nj 
restriction in applying the method to a strut of mae 
section; all that would be involved is a modification of th) 
various resistance values to take account of the variable stru 
section. 


3.2. Critical buckling load of strut 


By a simple extension of the analogy it is possible t 
determine the critical buckling load of a strut. A networ] 
identical to that used in the previous example is required| 
the axial loading being increased in increments by a chang} 
in value of the corresponding resistance. The increasin 
load results in larger deflections and hence larger moments} 
the variation in the resistance value of the resistors, withi) 
the tolerance of +1°%, is analogous to the small physica 
imperfections of the strut and ensures that deflections di 
occur as soon as an axial load is applied. In operating t 
analogue a measure of the strut instability is needed ang 
rather than record deflection, it is more convenient to recor! 
the increase in moment at the centre of the strut. Fig. 4 


EULER CRITICAL LOAD - EQUIVALENT RESISTANCE 308-4 © 


300 
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o 
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Fig. 5. Euler critical load of strut determined by electrical 


analogy. 


which relates the voltage corresponding to the centra 
moment with the resistance which is analogous to the applie 

load, shows the same characteristics as a normal critical loa 

diagram. The Euler critical load, which was calculated an 

transformed into terms of resistance, can be seen to be th 

load at which the moments would become infinite, resultin 

in failure of the strut. It is of interest to note that when 
resistances are incorporated which correspond to the Euler 
load, the circuit becomes unstable. 

It should be noted that all the required information can 
be obtained from the analogy for determining the critical 
load by means of a Southwell (1932) plot, if required; this 
is advantageous as the experiment need not then proceed to 
an unstable state which might be injurious to the negative 
resistances. 


4. The negative resistance applied to the extension and flexure 
of flat plates 


There are two alternative ways of describing mathematically 
the extension and flexure of flat plates and these have been 
discussed in detail by Southwell (1950). The fourth order 
partial differential equation has been solved by Palmer and 
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Redshaw (1955) using a pure resistance cascaded network 
but the alternative expression of two simultaneous second 
order partial differential equations require negative resis- 
tances before they can be solved by means of an electrical 
This second representation has the advantage 
that the extensional problem with a boundary displacement 
specified, and the flexural problem with a free boundary, can 
easily be solved. 

The two simultaneous equations for the flexural problem 
are 


OeoU OV ll ae 
= We 
Ox\Ox os) 1 4 u 
2, 0 
(; = Jax? SAU 
Io fOU oV Se 
" V2 
| oy =e) cs) A 


! (=) 502 Of 0:6) 


where U and V are functions of the moments, Q, and Q, 
depending on the loading of the plate. 

By the application of Kirchhoff’s laws, it will be seen that 
the electrical network illustrated in Fig. 6 is identical in 
form to the finite difference form of Eqns (8) and (9), thus: 
1+p 

a) 


(G2 + Us) — 3 + v)U 


Gec 
ey eee fed 0 2) ~0 


(10) 


: le 
Pele So (42V) — C4, 
| ee L | f2 Q 
I 8 (U; Us T U; Us) +h pO ay ==) 


(1) 


r= 1000 


Fig. 6. Coupled network for plate problem, electrical networks 
for a node. 


The problem used to illustrate the ability of a circuit to 
solve the U-V equations (Eqns (8) and (9)) is that of a square 
plate with concentrated loads on two opposite corners and 
point supports at the remaining two corners. The plate is 
illustrated in Fig. 7(a), and the boundary conditions in terms 
of U and V in Fig. 7(5). The values of U and V measured 
on the analogue are to be seen in Fig. 7(c). On all sections 


. ; 


(a) DETAILS OF PROBLEM 
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“EXPERIMENTAL 


“THEORETICAL 


Fig. 7. 
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-9996 -9996 -9996 -9996 -9996 -9996 -9996 
9996 6666 3333 0 
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-3333 -3328 -3324 |-10  -332Q -15 
9996 6666 -14 -9996 
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(c) MEASURED POTENTIALS and RESIDUALS 


| 


6660 
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6 6 


0 6658 
3 -1 6 
6667 96 6672 3 B665 
2 
6665 4 6660 -6 6661 
2) 6654 1 6658 0 6662 O 6659 
| : 
6664 6 16664 -9 6657 -16 6658 9 6 0 660 
| | : 
0 }6660 ~6|6662 -~7 6660 -24 (6668 9 6659 6 6660 0 6660 
0 0 0 0 0 0 0 i 


(d) MOMENTS 


Electrical analogue result for twisted square plate. 
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parallel to the x-axis the values of U are constant, and parallel 
to the y-axis the magnitude of V is also unchanged. It can 
be seen that the analogue results are good. Further, the 
residuals R, and R, have been calculated and can be seen 
to be generally small. 

By differentiating the values of U and V, moments were 
calculated (Fig. 7(d)). 

The direct moments should both be zero over the whole 
plate and the twisting moment should be 6667 at every node. 


5. Conclusions 


The negative resistance which has been described in this 
paper is economical to manufacture and extremely simple to 
operate and, in fact, its use is very little more complicated 
than the use of a pure positive resistance. The possession 
of the negative resistance opens up a large field of problems 
which can be solved by its use. Further work is proceeding 
in the solution of plate problems by the U-—V technique 
particularly with regard to the formulation of the more 
difficult boundary conditions. 
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Abstract 


Experiments are described in which ion beams of the order 
of five micro-amperes with a low energy spread have been 
used to bombard a tungsten surface. Sorption values for 
the surface are given for neon, argon and krypton and 
show that a maximum sorption exists at any particular 
bombarding ion energy. Using several simplifications a 
value for the depth of penetration of the ions is derived 
from the results and this is shown to be in reasonable 
agreement with values quoted by other workers. Results 
from a second series of experiments where ions of a 
second gas release the sorbed ions of the first gas are also 
presented. 


Introduction 


in the techniques of high vacuum and the great interest 

shown in the practicability of ion pumping there is not 
yet a clear understanding of the reaction taking place when 
surfaces are bombarded with high energy positive ions. The 
experiments described in this paper are effectively a con- 
tinuation of work carried out in these laboratories in which 
metal surfaces were bombarded by positive ions of the noble 
gases and complex sorption and replacement phenomena 
observed (Brown and Leck 1955, Leck 1956). Measurements 
reported here represent an improvement in technique because 
the energy spread of the incident ion beam (one of the chief 
disadvantages of the previous work) has been reduced to 
negligible proportions. Also the ion beam has now been 
confined to a small and closely defined area on a ribbon 
target which is carefully shielded from all extraneous 
bombardment. Previously the area under ion bombardment 
was not accurately known. With the above improvements 
the present apparatus is well equipped to investigate sorption 
effects under ion bombardment and gives consistent and 
unambiguous results. 


I: spite of the many recent advances that have been made 


Apparatus and experimental technique 


For this work the target was a tungsten ribbon with a 
purity of 99:9°% mounted under tension and _ having 
dimensions: 0:030 in. wide, 0-001 in. thick and 2 in. long. 
Positive ions were formed in an electrodeless glass discharge 
chamber comprising a Pyrex cylinder 8 in. long and 24 in. in 
diameter, closed to the discharge at the top by a fused silica 
plate. The radio frequency source operated at 20 Mc/s with 
a continuously variable power of up to 250 w and was 
coupled to the discharge by four turns of heavy copper wire. 
Optimum conditions held with a gas pressure of the order 
of 10~3 torr in the chamber. The mounting of this discharge 
chamber in relation to the target and to the intermediate 


BRITISH JOURNAL OF APPLIED PHYSICS 


396 
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focusing electrodes is shown in Fig. 1. These electrod 
served to extract the ions, to focus them on to the targ 
and to suppress secondary electron emission from the targe 
Typical operating potentials are indicated in Fig. 1; tl 


Ne f. supply 


earth plate 
eo Pp 


0 
0-8 —__— 
me =e ae 0-43 
2°87 Ee fe ee! HL 
5-69 a 
538 = 
269 — 

Vy t0°15 a 


Fig. 1. Discharge chamber and ion extraction system. 
Typical electrode potentials are indicated on the diagram in| 
kv negative with respect to the earthed plate. 


target potential (V7) was variable from 0 to 4 kv in ord 
to control the energy of the bombarding ions. A rectangul 
cross section was chosen for the beam both to give a unifo 
ion distribution over the target and to minimize the spac 
charge spreading of the beam. The simple system for ic 
extraction from the discharge was based upon the work 4 
Pierce (1940) and later of Thonemann and Harrison (195 ; 
All the slits were manufactured from non-magnetic stainle: 
steel. With optimum coupling between the r.f. oscillat 
and the discharge and a gas pressure of 10-3 torr a targ 
current of 5A was readily obtained. Simple auxilian 
experiments showed the beam to be confined to 1 cz 
length in the central region of the target and the energ 
spread to be very low (80% of the beam inside an ener 
band 40 v wide). 
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The vacuum pumping system for this assembly was, as 
shown in Fig. 2, of conventional design. Two small 
fractionating oil diffusion pumps charged with Apeizon ‘B’ 
oil were used to evacuate the system; each pump had a 
vapour trap associated with it which could be held at either 
solid carbon dioxide or liquid nitrogen temperature. The 
.| pumping line of the first diffusion pump led straight into 


porgus plug _Alscharge tube 


161 


Ve 
auxiliary 
reservoir 


—cold trap 


—diffusion pump 


mass spectrometer 


Fig. 2. The vacuum system. 


the source of the mass spectrometer which was a conventional 
*Metrovac M.S.3’ with a Nier-type source and a 6 in. radius, 
60 degree deflection analyser tube. As this was an all-metal 
completely demountable system with rubber sealing rings, 
the baking temperature was limited to 100° c for both the 
spectrometer and the discharge chamber. In normal 
operation it was observed that the pressure, as measured by 
an ion gauge (I.G.1), could be reduced to below 10~7 torr 
with carbon dioxide in the traps and to 10~8 torr with liquid 
nitrogen. 

Gas was admitted to the top of the discharge chamber 
‘rom an auxiliary reservoir through a fine leak comprising 
a small plug of silicon carbide sealed into a glass tube. 
Spectroscopically pure gas samples were used and, by having 
4a continuous-flow vacuum system, a very pure sample could 
joe maintained in the discharge chamber at a pressure con- 
rolled and variable through the range 10-4 to 10~? torr 
‘1-100 torr in the auxiliary reservoir). The gas conductance 
of the exit slits from the discharge chamber was such that 
ja steady sample pressure in the discharge of 10~3 torr set 
#1p a pressure at the target of 10~° torr. 

To obtain a sorption characteristic the following method 
(}vas adopted: 


yore-determined value and the discharge switched on. 
| (ii) Careful note of the target current was taken and, after 
a definite ion bombardment, the discharge was switched off 


| (iii) When the partial pressure of the sample gas had 
allen to less than 10~? torr the target was heated to 1600°c 
Joy passing an alternating current through it. Any sample 
jzas desorbed during this heating was observed as a pressure 
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transient in the mass spectrometer. Alternatively, in another 
series of experiments, instead of liberating the sorbed gas by 
heating it was released by bombarding the target with a 
second gas. After the subsidiary bombardment the target 
was heated and desorption of the remaining first gas observed 
by the mass spectrometer. 

Since all the desorbed gas must pass through the spectro- 
meter the integrated pressure transient with respect to time 
must, after introducing a suitable constant (related to the 
pumping speed of the sample gas in the system), represent 
accurately the total gas desorbed from the target. The 
calibration is relatively straightforward as the flow through 
the porous plug can easily be determined and used as a 
standard. 


Results 


In the first series of experiments the desorption of the gases 
neon, argon and krypton was observed for various conditions 
of bombardment. In each case the gas was recovered and 
recorded in a single step by heating the target to 1600° c. 


5xl0% 
S 
= 
50) 3-75x10! 75x10! 
Ion bombardment 
(a) 
2:5x10% 
3S 
= 
0 3:75x10'3 75x10" 
Ion bombardment 
(b) 
Fig. 3. The relationship between the number of molecules 


desorbed and the number of ions bombarding the target. The 
energy of the incident ions is shown on each curve. The 
effective target area was approximately 0-075 cm2. 


(a) argon. (b) krypton. 


For each gas the desorption was measured as a function of 
both the number and also the energy of the incident ions. 
Results are summarized in Figs 3 and 4. Fig. 3 shows how 
for low values of ion bombardment an approximately linear 
relation between bombardment and sorption exists but at 
higher bombardments a saturation level is reached, its 
magnitude dependent on the energy of the bombarding ions. 
All these curves are typical of a large number of observations. 
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Fig. 4 summarizes the results showing the saturation sorption 
level plotted as a function of the ion energy for each gas. 
The curves in Fig. 5 show that the desorption of argon 


5x10" 


OGrgon 


No. of molecules desorbed 


krypton _—-x- 


0 22 4 
Energy of incident ions (kV) 


Fig. 4. The saturation sorption level shown as a function of 
the energy of the incident ions. 


from the target took place over a comparatively large 
temperature range. To obtain these results the target was 
heated in steps, each of approximately 200 deg c, and the gas 
desorbed at each step recorded and plotted as a function of 
the absolute temperature. All the curves in Fig. 5(a) 
represent the desorption after high energy bombardment 
(2-7 kev in each case); they show, from (1) to (3), the effect 
of progressively increasing the bombardment up to saturation 


level. Alternatively Fig. 5(b) shows the effect of increasing 
100° 
re 
0 a 
0 1000 2000 
Tempercture (°C) 
Fig. 5(a). The rate of desorption of argon with increasing 


temperature after ion bombardment at 2:7 kev: 
1, bombardment to 33% saturation; 2, bombardment to 67% 
saturation; 3, bombardment to saturation. 


the energy of ion bombardment, the intensity of the bombard- 
ment being such as to reach saturation in each case. Fig. 6 
shows the desorption-temperature relations for the other 
gases. Neon, like argon, is seen to be liberated in two 
favoured temperature ranges, whilst krypton is mainly 
released in one temperature band. 

In the second series of experiments the desorption was 
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| 
measured only after a further bombardment with ions 
second gas. It was found that any of the inert gases, né| 
argon, or krypton, would remove any other although | 
efficiencies were by no means equal. The effect of krypt 
bombardment following a primary argon sorption and 
converse is shown in Fig. 7. In each case the number} 


100 %/o 


Rate of desorption 


Temperature (*¢) 
Fig. 5(b). The rate of desorption of argon with increasin 
temperature after bombardment to saturation: 
ion energy: 1, 0:86 kev; 2, 1-7 kev; 3, 2-7 kev. 
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Rate of desorption 


0 1000 
Temperature (°C) 


2000 


Fig. 6. The rate of desorption of neon and krypton with 
increasing temperature after the target has been saturated by 
bombardment with ions of 1-7 kev energy. 
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The number of primary ions remaining sorbed on the 
target as a function of the secondary ion bombardment. 


© argon replacing krypton. 
x krypton replacing argon. 
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Fig. 7. 
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f 


molecules recovered in the final baking cycle is shown as a 


‘function of the number of ions of the second gas striking 


the target. The primary bombardment was naturally made 
the same in each case (sufficient just to reach sorption level). 


/ The condition of the desorption-temperature characteristic 
‘!does not change fundamentally as a result of the secondary 


bombardment. 


Discussion 


The results that have been set out in the previous sections 
fit in well with an explanation of sorption under ion bombard- 
ment first suggested by Le Claire and Rowe (1955) and later 
considered in greater detail by, for example, Carmichael and 
Trendelenburg (1958) and Blodgett and Vanderslice (1960). 
This theory postulates that ions, because of their high kinetic 
energy, are driven to some considerable depth into the 
interior of the metal target and, at the same time, sputter 
away atoms from the crystal surface. Thus although in the 
initial stages of the bombardment the sorption rate will be 
comparatively high, it must progressively fall as the surface 
is eroded away, so exposing and releasing molecules 
previously sorbed. Eventually an equilibrium must be 
reached when the density of trapped molecules is such that 


,the rate of release is equal to the rate of capture. 


Direct evidence for dynamic equilibrium at a surface is 
obtained when the type of ion in the discharge is changed. 
After the change desorption of the original gas persists for 
a considerable time and can readily be detected. The curves 
in Fig. 7, which show that the total sorption of a particular 
gas is reduced by bombarding with a different gas, demon- 
strate this effect. This simple explanation of a sorption— 
desorption equilibrium can only hold for conditions such as 
those existing in these experiments where the target surface 
is only bombarded by the primary ion beam. For example 
the characteristics are changed considerably when the surface 
is also receiving neutral particles sputtered from other 
electrodes (Le Claire and Rowe 1955, Blodgett and 
Vanderslice 1960). 

For the present experiments the equilibrium (or saturation) 
level will clearly increase with increasing energy of the 
incident ions since with a greater energy a greater penetration 
is to be expected. However, the effect will be counter- 
balanced to a certain extent by the increased surface erosion 
rate. Although there is not sufficient sputtering data available 
for tungsten at the present time to allow the erosion rate to 


s|be calculated precisely an estimate to an accuracy of about 


a factor of two can be made. From the data available it is 
reasonable to assume a sputtering factor S of 2-0 for both 


argon and krypton at an energy of about 2-5kev. Thus 
the rate of surface erosion is given quite simply by 
r =n,S$/U cm/s (1) 


jwhere 7 is the rate of arrival of ions per unit area at the 
surface and U is the number of tungsten atoms per unit 
{volume in the crystal. With a knowledge of r and provided 
la reasonable estimate of the ion penetration depth can be 
|made the build up of the sorbed layer to saturation, and the 
}saturation level, can be calculated. 

|| In order to carry out this calculation in relation to the 
|above results the penetration depth distribution curve shown 
lin Fig. 8 has been assumed, i.e. the probability is a maximum 
jat zero penetration and falls off linearly to zero at some 
(arbitrary depth. This simple postulate is not unreasonable 


lin view of the work of Young (1956) and Bradov and 
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Okuneva (1955). It is a straightforward calculation to show 
that the saturation sorption level is reached after the surface 
has eroded a depth A given by 


A = S/0ny (2) 
and is approached in the manner shown in Fig. 9. For 


comparison the experimental as well as the theoretical 
curves are plotted in Fig. 9. For convenience the scales are 


Depth below surface A 


oo ©6Probability of penetration 


Fig. 


Assumed probability curve for the penetration of ions 
into the surface layers of tungsten. 


00 


© argon 
x krypton 


Sorption (arbitrary values) 


0 05A OA 


Total erosion 


Fig. 9. A comparison of the calculated and measured values 
of sorption level as a function of the surface erosion. 


adjusted so that all curves agree at 50% saturation level. 
The two experimental curves shown here have been chosen 
deliberately as they represent about the best and the worst 
fit to the theoretical values of all the results obtained. The 
value of A calculated from Eqn (2) is 1:25 x 10~® (at 
2:7 kev) for both argon and krypton.* 

Using these calculated values of A the relation between 
the gas remaining and the total bombardment when the 
nature of the bombarding ion is changed (i.e. corresponding 
to the experimental data of Fig. 7) has also been calculated 
and plotted alongside the experimental results in Fig. 10. 
There is a very satisfactory agreement between the calculated 
and the experimental curves to an erosion depth of approxi- 
mately 0-25. Beyond this point the deviation increases 
rapidly suggesting that a small fraction of the incident ions 
penetrates much further than the estimated A. 

The values of penetration depth emerging from the above 
comparison of theory with practice can be compared with 
the values measured by other workers using entirely different 


* In fact Eqn (2) was modified to 0-21 A = S/U n+ where n» in 
this case represents the number of ions required to reach 50% of 
maximum sorption and U = 6 x 1022/cm3. 
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techniques. This comparison is summarized briefly in the 
table. In view of the fact that ion bombardment by the 
various workers has been carried out at various arbitrary ion 
energies ranging from 150 to 4000 ev all the results have 
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Fig. 10. A comparison of the calculated and measured values 
of the gas remaining sorbed as the surface is eroded by 
bombardment with a different gas. 


been reduced to a common energy of 1000 ev by assuming 
a linear relation between penetration and energy. To obtain 
his results Young (1955, 1956) measured the penetration of 
the ions through thin foils whilst all the other workers used 


Material bombarded Bombarding ions Depth i (x 10°) 


(cm) 


Investigators 


Young (1956) Aluminium Hydrogen (1:Okeyv) 1-5 
Young (1955) Phosphor Argon (20 kev) 0-25 
Bartholomew Nickel Radioactive 
and La Padula krypton (0-15 kev) 260 
(1960) 
Bredov and Germanium Radioactive 
Okuneva(1955) caesium (4 key) 2°5 
Present work Tungsten Argon and 

krypton (2-7 key) 0-63 


A summary of the published values for the penetration of 
positive ions (in the energy range 0:1 to 20 key) into solid materials. 
In order to assist the comparison the penetration depths A given 
in this table have all been referred to an ion energy of 1-0 kev. 
It has been arbitrarily assumed that the depth of penetration is 
proportional to incident energy. 


radioactive tracers with chemical or mechanical etching after 
bombardment to remove the surface layers. It is clear that 
the present results are in general agreement with those quoted 
by Young (1955, 1956) and Bredov and Okuneva (1955) 
and it is clear that the results published by Bartholomew 
and La Padula (1960) are out of step with the majority. 

Curves in Fig. 5 showing the desorption as a function of 
the target temperature indicate that the sorbed atoms are 
distributed in sites of varying binding energy ranging from 
35 to 100 kcal/mole. It is interesting to note that in the 
case of neon and argon the sites are grouped around two 
levels with a relatively sparsely filled band in between. The 
band with the lower energy range is filled first as the sorption 
builds up to the saturation level. This unusual ‘double- 
peaked’ pattern (which suggests two different mechanisms 
of binding, for example, interstitial and vacancy) was 
confirmed over many measurements and it is of interest to 
note that this kind of behaviour has been observed by other 
workers in sorption experiments (C. W. Tucker, Jr, and 
F. J. Norton, private communication 1960). 
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Conclusions 


Care has been taken in the design of these experiments 
ensure relatively simple reactions at the test surface, i.e. 
bombardment was only by positive ions all contained it 
fairly narrow energy range. The results obtained indic} 
that under these conditions sorption on tungsten reache 
very clearly defined maximum. The whole of the analyj 
does, however, rest on the assumption that all the gas ta 
up is recovered in the subsequent heating cycle. Altho 
no direct proof of this can be offered (it is obviously diffi 
to isolate the sorption to the small target from that to. 
the other electrodes, whereas the desorption can easily | 
measured by selective heating) indirect evidence is in | 
favour. For example, earlier work showed ion bombardm¢ 
to give the same total desorption, and measurements up 
glass surfaces showed the desorption to be equal exactly 
the previous sorption. The conditions in the above w 
are different from those experiments in which full desorpti 
has not been observed. Blodgett and Vanderslice (196) 
for example, literally buried the sorbed gas under ma 
layers of metal laid down by sputtering. 

The calculations—based upon the theory of dyna 
equilibrium between sorption and desorption—showed bet? 
than order of magnitude agreement with other workers f 
the depth of penetration of incident particles. There d 
not, however, appear to be any simple explanation for 
deviation of theory and practice in the replacement exp 
ments (Fig. 10). There is appreciable thermal desorpti 
even after an extremely long ion bombardment. This can 
be explained by any simple experimental errors—such 
non-linearity of target bombardment—as these would 
make the saturation curves in Fig. 3 less decisive. 
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Abstract 


“he emissivity errors of total, partial and monochromatic 
‘tadiation pyrometers for use in the temperature range 
‘/500-800° K are discussed theoretically. The pyrometer 
“nutput is expressed as a power law of absolute temperature 
“With an exponent n which varies with temperature and the 
ipectral response of the pyrometer. The emissivity error 
‘Wecreases as n increases. It is shown that n increases as 
he spectral response of the pyrometer is restricted to 
““horter wavelengths in the near infra-red region. 


i 


1. Introduction 


! RADIATION pyrometer measures the energy flux 
Apne from a hot body, within a range of wave- 
lengths defined by its ‘optical’ system and detector. 
af his energy is only uniquely related to temperature for the 
\|pecial case of a black-body emitter; when real emitters are 
jonsidered an additional variable, the emissivity, is introduced 
o allow for the departure from black-body conditions. The 
adiation pyrometer then indicates an apparent temperature 
vhich differs from the true temperature of the specimen. 
‘he error in the indicated temperature depends not only 
ypon the emissivity, but also upon the wavelength response 
“yf the pyrometer. For example, if a disappearing filament 
yyrometer (working at a wavelength of 0-65 ,x) and a total 
*“adiation pyrometer, each calibrated against a black body, 
»oth view a surface at 1000° c which has a constant spectral 


05° c respectively. 
The errors of brightness and two-colour spectral radiation 


|.bove 1000° x. Gill (1957) has dealt with the general problem 
)f using a total radiation pyrometer to measure temperatures 
below 700° k, including the emissivity error. 

‘) Recent developments in photoelectric detectors of infra- 
led radiation have enabled the range of temperatures measur- 
}ble by radiation pyrometers to be extended down to about 
'50°c (Avery, Goodwin and Rennie 1957, Harmer and 
Natts 1955). If these detectors are combined with infra-red 
ilters it becomes possible to design new radiation pyrometers 
‘vith a variety of different wavelength responses, and conse- 
jjuently different emissivity errors. Experiments show 
(Harmer and Watts 1955, Larson and Shenk 1940) that 
fvithin the temperature range 200-1000° c a pyrometer with 
{: lead sulphide cell detector, which is insensitive to wave- 
engths greater than 3-5 jx, has a smaller emissivity error than 
4, total radiation pyrometer. This occurs because the signal 
putput varies as a high power (8th-12th) of absolute tem- 
herature. The present paper examines the effect of the 
}pectral characteristics of the detector system more fully, 
vith particular reference to the problem of measuring the 
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temperature of materials, such as aluminium, whose emissivity 
is low and varies markedly with surface condition, tempera- 
ture and wavelength, in the temperature range 500—800° x. 
Alternative methods of obtaining a high power signal output 
law are considered. 


2. Emissivity errors arising from total, partial and 
monochromatic radiation pyrometers 


Total radiation pyrometer 


If the energy emitted by the detector forms a negligible 
part of the total energy exchange, the net energy collected 
by a total radiation pyrometer from a black-body source at 
absolute temperature T is given by aT4, where a is a constant. 
For a non-black body of total emissivity € this becomes eaT‘*. 
Thus if a pyrometer which has been calibrated against a 
black body is used to measure the temperature of a non- 
black body, it will indicate an apparent temperature T, 
where 

Die er 4 (1) 


and the fractional error in temperature measurement is 
(T — T,)/T = 1 —e (2) 


i.e. the error depends upon the fourth root of the total 
emissivity. 


Partial radiation pyrometers 


The energy E,dA emitted by a black body in the wavelength 
range A to A + dA is given by 


Fad = c,A~ {exp (c/AT) — 1}—'dr (3) 


where c, and cy are constants. Fig. 1 shows the variation of 
EF, with wavelength for temperatures from 500 to 800° k. 

If a photoelectric infra-red detector has spectral response 
R, at wavelength A, the output signal is given by 


Sy (0) | Rakaaa (4) 


(6 = constant), provided that the signal output is linearly 
related to the energy detected. 

The spectral response of a Mullard 615V lead sulphide 
photoconductive cell is shown in Fig. 2. Harmer and 
Watts (1955) have shown experimentally that with this type 
of detector 

Serre (5) 


where c is a constant, and m, which varies with temperature, 
lies between 8 and 12. The error in temperature measurement 


is then 
(T — T,)/T =1— ell (6) 
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where € is now the mean spectral emissivity over the range of 
wavelengths collected by the cell. Since «<1, e!/" 
approaches unity as m increases, and a lead sulphide cell 
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Fig. 1. Variation of energy emission with wavelength. 
80 
= 60 
8 40 
e 
20 
‘ 3 
Wavelength (1) 
Fig. 2. Spectral response of lead sulphide cell. 


pyrometer is less affected by emissivity than a total radiation 
pyrometer because n > 4. 

The high value of the exponent for the lead sulphide 
cell is mainly due to the cut-off in its wavelength response at 
3:0-3-5 uw, and arises because the energy emitted by a 
black body on the short wavelength side of its maximum 
emission varies more rapidly with temperature than the total 
emission. High values of n could also be obtained with 
other detectors used with suitable filters. 

The relationship between the signal output S of any given 
detector system and the absolute temperature 7, can be 
deduced graphically by multiplying corresponding ordinates 
of the emission curve (Fig. 1), and the known filter trans- 
mission or spectral response curve, such as Fig. 2, and 
determining the area beneath the derived curve for different 
temperatures. 

If a filter of spectral transmission F, at wavelength A, 
is interposed between a total radiation receiver and a black- 
body source, the signal output is given by 


S=d | PEA (7) 


BRITISH JOURNAL OF APPLIED PHYSICS 


402 


where d is a constant. Since Eqns (4) and (7) are mat) 
matically identical, a filtered total radiation detector 
photocell detector should give the same output law, if 
normalized curves for /, and R, are identical. 

To show how the output law varies with F(or R), sup 
for simplicity, that F, is constant to a wavelength Ae 
zero when A > Amax (Fig. 3). The variation of 


logio | FB dA (or logio i REdA) 
2 0 


with logy) T for different values of Amax is shown in Fig. 
The slope of these curves is equal to n; approximate value 
n are given in Table 1. 


ie 


\max 


Spectral transmission 


Wavelength 


Fig. 3. Assumed transmission for sharp cut-off filter. 


Absolute temperature (*K) 
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Log,,(output signal x constant) 


0 
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Fig. 4. Variation of output signal with temperature for sharp 
cut-off filter. 

Table 1. Approximate values of n for cut-off filters 

Amax (ue) Temperature (° K) 
500 600 7 750 

5-0 7:4 6-4 6:0 
4-5 7-6 iO) 6:2 
4-0 8-4 7:6 6:8 6°6 
3°5 9:8 8-2 7-4 7:4 
3-0 blew 9-0 8-2 8-0 
Dios 10-6 9-6 9-4 
2:0 12-4 12-4 11-4 
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‘| The value of m increases as the wavelength cut-off Amax 
') decreases. It also decreases with increasing temperature 
‘| when the wavelength of peak emission from the source 
approaches or is less than A,,,x. To obtain a pyrometer with 
if a low emissivity error the overall spectral response should 
| therefore be chosen so that the pyrometer is insensitive to the 
longer wavelengths, for example, wavelengths longer than 
i> to 2-0 p. 

If the filter transmission F, (or spectral response R,) does 
not decrease from a maximum to zero at Ajax, but decreases 
| steadily between wavelengths A, and A, as shown in Fig. 5, 
.| the corresponding output curves are as shown in Fig. 6. 
Table 2 gives the approximate values of n. Within a limited 
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Fig. 5. Assumed transmission for sloped cut-off filter. 
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Fig. 6. Variation of output signal with temperature for 
sloped cut-off filter. 
ROnrvem AAT — 3-0) U5 Ap— 3") Ws curve, By Ay 2-571; 
Ay = SPS 2 Thine (, ai = 20, 72h = Sess Vaiinye, (OF 
ha PS) ih, Oy SoS) fe 


Table 2. Approximate values of n with sloped cut-off 


filters 
Filter cut-off (w) es demper sre) 700-750 
3-0 205 8:7 8:7 ~16 
2-5 a05 8-9 8-9 ~16 
2-0 345 9-0 9-0 ~17 
ea 255 9-2 9-2 ~15 
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range of temperatures an extremely high value of 7 is obtained. 
For example, when F, (or R,) decreases steadily between 
A; =2:0u and A,=3-5u, n~17 for temperatures 
between 700 and 750° k. 

As more infra-red detectors and filters become available, 
it should therefore become possible to devise pyrometers 
with a low emissivity error over limited ranges of temperature. 


Monochromatic radiation pyrometer 


It is usual to express the relationship between the true and 
apparent temperatures measured with a monochromatic 
radiation pyrometer as 


(=) - Gq) = Ang ® 


where A is the operating wavelength, «, the spectral emissivity 
at this wavelength and c, the radiation constant. For com- 
parison with the preceding calculations it is interesting to 
express the output law for the monochromatic radiation 
pyrometer as a power law of absolute temperature with an 
exponent n which varies with temperature and wavelength. 
Using Planck’s equation 


E,dAd = ch~{exp (c,/AT) — 1}~!dr (9) 


and plotting log;y E, against log;y T for fixed wavelengths 
the curves shown in Fig. 7 are obtained. Again the slope of 


Absolute temperature (°K) 


g 500 600 0 1000 


Logo (output signal x constant) 


OTRT 28 2-9 50 
Log,) (absolute temperature) 


Fig. 7. Variation of output signal with temperature for 
monochromatic radiation pyrometer. 


these curves gives the exponent n when the output law is 
expressed in the form 


SS = CONE IL (10) 
and the fractional error in temperature measurement is 
(T=T)/T=1—< (11) 
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Table 3 gives approximate values of , including a value for 
a disappearing filament pyrometer with an effective operating 
wavelength 0:65 4 at temperatures around 800°k, ie. a 
temperature 200 deg K below the normal temperature range 
of this instrument. 

It is again found that the exponent m increases as the 


Table 3. Approximate values of n for a monochromatic 


radiation pyrometer 


Wavelength (2) Temperature (° K) 


500 600 700 800 
5 S07) 520 4-5 4-0 
4 (307) 6:0 Sis 4°5 
3 9-0 8-0 US 6:5 
225 10-5 ea, 8-5 oP 
2:0 i[s}e5) 12-0 LORZ 8-7 
ibes) 20-0 Ils30 7 Mehe7 Nike 7/ 
0-65 oy 


operating wavelength of the pyrometer is decreased, and at a 
given wavelength decreases with increasing temperature. 
Comparing Tables 1 and 3 it appears that a pyrometer with 
uniform wavelength response to a wavelength A,,,, leads to a 
slightly higher value of 1 than a monochromatic pyrometer 
operating at wavelength Ama. It also has the practical 
advantage that it collects more radiation from the specimen. 


3. Discussion 


It is clearly shown that for temperatures in the range 
500-800° kK, a partial or monochromatic radiation pyrometer 
operating at wavelengths less than 5 pu gives a lower emissivity 
error than a total radiation pyrometer. The shorter the 
operating wavelengths of the pyrometer the smaller this error 
becomes. 

In‘ practice, the minimum operating wavelength that can 
be used is restricted by the detector noise and the minimum 
temperature to be measured. The detector noise determines 
the minimum measurable energy and the wavelength response 
the minimum temperature at which this energy can be 
collected. Since only a small fraction of the total energy 
emitted by surfaces between 500 and 800°k emerges at 
wavelengths less than 3-0 p, it is necessary to compromise 
between obtaining a low emissivity error and devising a 
sensitive pyrometer. 

It is interesting to note that if a pyrometer obeys a high 
power output law, the effect of ambient temperature upon the 
net energy exchange between the detector and source is 
reduced, although the change in the sensitivity of the detector 
with ambient temperature is unaltered. 

Although in the temperature range 500-800° k a partial 
radiation pyrometer operating in the near infra-red region 
yields a slightly higher power law than a monochromatic 
radiation pyrometer operating at wavelength A,,,,, for tem- 
peratures above 1000° kK, when the specimen emits visible 
radiation, the disappearing filament pyrometer remains the 
most reliable radiation method of measuring temperature. 
Pyrometers with infra-red detectors and filters are therefore 
likely to be most useful for temperatures below 1000° x, 
where at present total radiation pyrometers are usually used. 

A particularly difficult problem in temperature measure- 
ment arises when radiation methods must be used to measure 
the temperature of surfaces of low or variable emissivity. 
This problem arises, for example, when attempting to measure 
the temperature of moving aluminium during extrusion. A 
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contact pyrometer cannot be used because it is liable t 
damage the surface of the soft aluminium and only a radié 
tion pyrometer can overcome this difficulty. But since th 
emissivity of aluminium is low and variable (Reynolds 1961) 
the pyrometer must be chosen to have a low emissivity erro 

The emissivity of a metal surface depends upon the surfa¢ 
finish and state of oxidation, and it is characteristic of lo 
emissivity materials that variations in these factors caus 
proportionately large variations in emissivity. The spectr 
emissivities of most metals decrease with increasing wave 
length (Price 1947), and it is therefore an added advantag 
to select a pyrometer which is only sensitive to wavelength 
in the near infra-red. Low emissivity is also associated wit 
high reflectivity, so that reflected radiation from nearby he 
bodies may cause spurious signals, but this difficulty ca 
usually be overcome by suitable shielding of the specimen. 

When the emissivity is low e!/" approaches unity slowly 4 
n increases (Fig. 8), and as « falls it progressively become 
more difficult to reduce the emissivity error by increasing # 
Nevertheless, it can be shown both theoretically and exper) 
mentally that by increasing n from 4 to say 11, there is | 
significant reduction in this error even for low emissivit 
materials. 


1-O- 


ee 
co) 
ie) 
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@ 


True temperature (°K) 
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Apparent temperature (°K) 


4 6.26 © © .4—opeee 
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Fig. 8. Plot of e!/” against n. 


A commercial lead sulphide cell pyrometer (Birnstingl 1958 
in which the effective cut-off wavelength 2-5. was dete 
mined by a glass lens which focused radiation on to t 
photocell, was calibrated against a heated iron sheet of tot 
emissivity 0-86. Under this condition of calibration t 
relationship between the true and apparent temperat 
becomes 


O28 Ona tixe (12 
and the fractional error is given by 
(T — T,)/T = 1 — (€/0-86)!/7, dda 


When this instrument was used to measure the temperatury 
of aluminium specimens of total emissivity 0-20 and 0-30 
the measured errors in temperature at 600° K were as show? 
in Table 4. 


Table 4. Temperature errors at 600° kK 


Pyrometer Total Measured Calculatedn Calculated 
emissivity error (%) error (%) 
Lead sulphide 0-20 10 10-6 13 
0-30 6 10-6 10 
Totalradiation 0-20 19 4 31 | 
0-30 16 4 23 || 
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i, At 600°k when A,,,, = 2:5, Table 1 gives n = 10:6. 
{fhe expected error can then be calculated from Eqn (13), 
jund is also shown in Table 4. The difference between the 
neasured and calculated errors is partly due to the increase 
,|n the spectral emissivity of aluminium with decreasing wave- 
jength (Reynolds 1961), and partly arises because the pyro- 
{meter was sighted obliquely on the specimen at an angle of 
30° to the normal. The emissivity of most surfaces tends to 
ncrease at low angles of emission. 
' For comparison this experiment was repeated using a 
, total’ radiation pyrometer, in which the focusing lens was 
|stated to transmit radiation between 0:3 and 10:0. In 
his case there was poor agreement between the measured 
‘and calculated errors, as may be seen from Table 4. The 
_ fighting angle was again 80° from the normal to the specimen 
_jurface. Nevertheless, these results show the advantage of 
_jasing a pyrometer which exhibits a high power output law. 
‘/f n could be increased further to say 17, the predicted error 
-| or these surfaces is reduced to 9% when « = 0:20 and 7% 
when « = 0:30. 
' Whilst considering ‘total’ radiation pyrometers it is worth 
noting that this term is at present loosely applied to pyro- 
neters with mirror optics and those with lens optics. When 
ens optics are used with a total radiation receiver, the lens 
sffectively defines the overall wavelength response. It is 
isual in pyrometers designed for use in the temperature range 
}00-800° K to use calcium fluoride lenses which transmit 
‘adiation to 10 4, but in instruments designed for a higher 
emperature range, silica or Pyrex glass lenses, which only 
ransmit radiation to 3-8 and 2-7 yz respectively, may be used. 
With specimens of low and variable emissivity it is often 
setter to calibrate the pyrometer against an actual specimen. 
When, for example, the lead sulphide cell pyrometer was cali- 
srated for « = 0-20 and used to measure the temperature of 
he specimen of total emissivity 0-30, the predicted and 
neasured errors at 600° K were only 5% and 34% respectively. 
‘f n could be increased to 17 the predicted error becomes 24%. 
Although the use of a detector with a high power output 
aw is unlikely to completely solve the problem of using 
‘adiation pyrometers to measure the temperature of low 
pmissivity materials in the range 500—800° k, it approaches a 


— 
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complete solution for materials with emissivities between 0-5 
and 1:0. For lower emissivity materials the errors are still 
considerable, but it should be possible to reduce the emissivity 
error still further by combining a detector system which obeys 
a high power output law with a reflector method of increasing 
the effective emissivity. When a reflector is placed close to 
the specimen surface, it forms, with the specimen, an almost 
closed cavity. The multiple reflections which occur in this 
cavity increase the effective emissivity of the specimen. A 
pyrometer using this principle has already been developed by 
Land and Barber (1954) for temperature ranges extending 
from 50 to 1300°c. By calibrating on a surface of total 
emissivity 0-8, the emissivity error is less than 1% for total 
emissivities between 0:6 and 1:0. 

Pattison (1959) has also developed instruments combining 
a total radiation detector with a hemispherical reflecting 
cavity, and a disappearing filament pyrometer with a hemi- 
spherical cavity, for measuring the temperatures of ingots in 
the range 800-1300° c. A combination of a reflecting cavity 
method with a detector showing a high power output law 
would be of value for low emissivity materials in the range 
500-800° k. 
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Abstract 


Radar studies of the moon by a number of workers have 
shown that the principal reflections occur from a region 
at the centre of the visible disk having a radius of about 
one-tenth of that of the moon. Thus it is possible to use 
the moon as a reflector in a communication system, and 
several successful systems of this type have been demon- 
strated. This paper describes measurements made at 
Jodrell Bank to determine the single channel bandwidth of 
the system using double sideband amplitude modulated 
transmissions. It is found that the demodulation of the 
signals caused by the multiple scattering at the moon’s 
surface restricts the bandwidth to about +1 kc/s, although 
the demodulation does not appear to increase rapidly at 
higher modulation frequencies. 


1. Introduction 


reflector for a communication system was first examined 

in a theoretical paper by Grieg, Metzger and Waer 
(1948). These authors investigated the extent to which 
modulated signals would become demodulated as a con- 
sequence of multiple reflections from different surface 
elements of the moon. They argued that if the moon were 
to reflect radio waves in a similar manner to the way in 
which it reflects light, then modulation components above 
about 50 c/s in frequency would be barely detectable in the 
returned signals, in any circuit where the whole of the moon 
is illuminated by the aerial systems employed. This is 
because the brightness distribution of light across the moon’s 
disk is approximately uniform (Markoy 1948) and con- 
sequently signals would be returned from regions near the 
limbs of the moon. These would carry the modulation 
intelligence shifted in phase relative to the signals returned 
from the centre, giving rise to destructive interference. To 
achieve the necessary reduction of this effect using a narrow 
beam aerial system, a beamwidth of about 3 minutes of arc 
would be required, and this could be obtained only from an 
aperture some 1000 wavelengths in diameter. Even at the 
present time there are few steerable aerial systems which 
approach this size. 

In recent years it has been shown (Evans 1957, Trexler 
1958) that the brightness distribution over the moon’s disk 
for reflected radio waves at metre and decimetre wavelengths 
is far from uniform. About 50% of the reflected energy is 
returned from a region at the centre of the visible disk having 
a radius of only +5 of the total radius of the moon. Such 
a region has a depth which introduces a delay of only 60 HAS. 
Signals returned from the limbs would be delayed 11-6 ms 


T: possibility that the moon might serve as a suitable 


* Now at Lincoln Laboratory, M.I.T., Lexington, 73, Massa- 
chusetts, U.S.A. 
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relative to those returned from the centre of the moon. 1] 
importance of this effect in improving the expected ba} 
width of a moon communication system was immediaj 
recognized and several groups have made experiments } 
the transmission and reception of modulated signals. | 
paper describes some experiments on the measurement} 
the bandwidth of a lunar communication circuit. 


2. Theory for the bandwidth of a moon communications 
system 


Because the moon is a target of considerable depth, sig. 
components will be returned which have suffered diffe 
amounts of delay. The time interval between the first 4 
last signals for an impulse reflected by the moon is 11-6) 
(corresponding to the delay of the pulse travelling from 
leading edge to the limbs and back). The way in which 
amplitude A. of the reflected pulse varies as a function 
delay corresponds to the infinite impulse response of 
system. That is, A, the spectrum of the delays obser 
when a short transmitter pulse is reflected from the m 
can be thought of as the ‘ringing’ of an electrical filter wH 
excited by a sudden impulse. At very low frequencies (I 
than 10 kc/s) the moon may be regarded as a two-p 
electrical filter whose bandpass characteristic is simply 
transform of its infinite impulse response A. Such 
quencies, however, propagate through the earth’s ionosph 
only as ‘whistling atmospherics’ and cannot be used to st 
the moon. At considerably higher frequencies, where 
wavelength has become much shorter than the depth of 
effective scattering region, the average response of 
electrical filter is largely independent of frequency. C 
sequently very little can be learned by studying the variat 
of echo amplitude as a function only of a single frequen 
Grieg, Metzger and Waer (1948) assumed that by using 
amplitude modulated signal, the multiple scattering from 1 
various scattering centres would cause the signal to apps 
to be demodulated on reflection, in an identical manner 
the frequency response characteristic of the moon at ve 
low frequencies, that is, the function A(w,,) which rela 
the intensity of the modulation components after detecti 
in the receiver to the modulation frequency w,,, would a 
be the transform of the infinite impulse response A,. T 
assumption does not seem to be justified as it is based up 
an argument which assumes that the instantaneous phase 
the carrier wave can be neglected. Alternatively if an am} 
tude modulated wave be thought of in terms of its spectrt 
(a single tone of frequency w,, gives rise to sidebands spac 
+W, about the carrier frequency), it is no longer appar 
why the intensity of the beat product of these three reflec 
frequencies should be simply given by the transform of 1 
infinite impulse response. In view of the absence of a 
satisfactory alternative theory which would relate { 
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_{demodulation function A(w,,) to the mean distribution of 
‘}2cho amplitude with delay A,, an experiment was planned 
at the Nuffield Radio Astronomy Laboratories to determine 
‘this function for amplitude modulated signals. 


3. The observations 


The experimental work reported here was conducted in 
April 1960. In this work amplitude modulated signals were 
transmitted towards the moon, and the characteristics of the 
‘Yechoes were then examined. Earlier, in July 1959, a similar 
experiment was undertaken using a narrow band frequency 
modulation system, but provided results which were incon- 
clusive (Evans 1959), partly because a suitable wave analyser 
‘was not then available. In the later work the 250 ft steerable 
‘telescope was used together with a 1 kw high level modulation 
Ya.m. transmitter lent by Messrs. Pye Ltd., of Cambridge, 
‘England. The parameters of the equipment were: frequency 
162-4 Mc/s, transmitter power 900 w (transmitter unmodu- 
Vlated), aerial gain 40 ds, polarization right circular, noise 
‘factor 8, main receiver if. bandwidth 8 kc/s, and feeder 
} losses 2 ds. 

The arrangement of this equipment is shown in Fig. 1. 
The mean signal-to-noise ratio observed at the output of 
the communications receiver shown in this figure was 
110-3 + 2 db, for a tone at a frequency of 1 kc/s applied at 
a level sufficient to modulate the transmitter 100%. This 
bresult was obtained by recording the readings of a thermo- 
icouple power meter connected across the loudspeaker ter- 
iminals of this receiver for many 2-5-second transmissions. 
This receiver had a bandwidth of 3 kc/s, and consequently 
the noise power referred to the input of the pre-amplifier is 
'—160dsw. The expected signal-to-noise ratio may be 
\calculated as: P,/P, = path loss + feeder loss + aerial 
gain -+ aerial aperture + transmitter power — receiver noise 
‘power. The path loss is here defined as the attenuation 
‘introduced by the circuit when measured between an isotropic 
‘transmitting aerial and a receiving aerial of unit aperture. 
When defined in this way the path loss is not a function of 


| 
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MICROPHONE 


Arrangement of equipment used at Jodrell Bank to determine the demodulation of an a.m. signal caused by 
reflection from the moon. 


the wavelength, and the mean of the independent observations 
of many different workers is —247 ds (Evans 1960). 
Thus the expected signal-to-noise ratio is 


P./P, = (—247 — 2 + 40 + 35 + 30 + 160)dB 
= s+ IG lke 
This is the expected signal-to-noise ratio of the carrier at 


the input to the receiver. For a carrier wave which is 100% 
amplitude modulated, the power in the sidebands is 3 dB less 
than that of the carrier, and consequently we should expect 
that at the output of the receiver the signal-to-noise ratio of 
the modulation tone would be +13 ds. The observed signal 
was approximately 3 + 2 dB less than this. 

The audio tone used to modulate the transmitter was 
derived from a beat-frequency oscillator built into a wave 
analyser. The wave analyser was connected to the audio 
output of the main receiver and this arrangement made it 
automatic that the wave analyser would be tuned to the 
tone used to modulate the transmitter. The half power 
bandwidth of the wave analyser was 2:5 c/s and consequently 
the mean signal-to-noise ratio of a | kce/s tone at the output 
of the receiver was increased to about +34dsB. The wave 
analyser contained a linear detector, and the voltage 
developed by this was used to operate a high speed pen 
recorder. The transmitter could not be modulated success- 
fully at frequencies substantially lower than 300 c/s or above 
10 kc/s, due to the design of the modulator equipment. As 
a result measurements were made only at frequencies of 
300 c/s, 500 c/s, 750 c/s, 1 kc/s, 2 kc/s, 3 ke/s, 4 kc/s, 6 ke/s, 
8 kc/s and 10 ke/s. 

The procedure adopted was to pulse the transmitter on 
and off at 3-second intervals, whilst the radio telescope was 
continuously following the moon. Some 240 echoes were 
obtained at each of the modulation frequencies listed above. 
The amplitude of the echo was recorded on paper chart, 
and subsequently read off at three equally spaced intervals 
along each echo. In this way some 720 values for echo 
amplitude were obtained for each of the ten modulation 
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The mean and the r.m.s. deviation were then 
calculated, and finally corrections were applied for the 
bandpass characteristics of the receiver. It is necessary to 
average over a large number of echoes, because deep fading 
of the echoes is observed as a consequence of the librational 
spin of the moon. This is the apparent rotation of the moon 
caused chiefly by the diurnal motion of the observer on the 
earth. The other causes of libration and the rates of rotation 
which they introduce have been discussed by Browne et al. 
(1956). The results of the experiments are shown in Fig. 2, 


frequencies. 
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Fig. 2. Variation of modulation signal intensity as a function 
of frequency for an a.m. signal reflected by the moon. 


together with a straight line fitted by ‘least mean squares’ 
procedure. 

Great care was taken to adjust the i.f. and audio circuits 
of the receiver so that the response was substantially 
independent of frequency over the range 100 c/s—7 kc/s. For 
frequencies above 7 kc/s the response was adjusted such that 
it fell rapidly being about 7 dsp down at 10 kc/s. This was 
necessary to keep the noise voltage appearing at the input 
terminals of the wave analyser from overloading this instru- 
ment. For each measurement the modulation level at the 
transmitter was adjusted to be 75%. The measurements for 
any one modulation frequency were made over several 
periods of 5 minutes separated at hourly intervals so that any 
Faraday rotation (caused by a residual amount of plane 
polarized waves which might be radiated by the aerial feed 
system) would tend to be averaged out. With these pre- 
cautions it is believed that the systematic errors in the 
measurements have been reduced to the same order as the 
uncertainty caused by the variation of the echo amplitude, 
i.e. less than +0°-4 ds. 

The points in Fig. 2 have been normalized relative to the 
value observed at 300 c/s modulation frequency. However, 
the slope of the straight line which has been fitted to the 
results suggests that there is already some demodulation at 
300 c/s, and it was unfortunate that measurements could not 
be made at a lower frequency. It is unlikely that a linear 
relation exists between the demodulation and the modulation 
frequency below 300 c/s, and hence it would not be justifiable 
to extrapolate the observed results to find how much 
demodulation exists at this frequency. The observed signal- 
to-noise ratio at 1 kc/s was 3 + 2 dp lower than expected. 
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The error in this measurement represents both the scall 
of the observed intensities and the uncertainty in som 
the equipment parameters. Thus it is concluded that | 
half power bandwidth of the system is approximat 
+1kc/s. The useful bandwidth is considerably larger thy 
this because there is only a further 2 dp fall in signal intens 
over the range of modulation frequencies 1 kc/s to 10 ke/ 

No attempt was made to measure the harmonic distort 
of the signal at the output of the receiver. The reasons | 
this were (a) the harmonic content of the reflected signa 
difficult to measure for frequencies above about 3 ke 
because the frequencies which give rise to this distorti 
move outside the passband of the receiver; 


(b) since *} 
signal-to-noise ratio of the fundamental in the wave analy) 
is only about +30 dB measurements of the harmonic conte} 
would be subject to large uncertainties due to the preset} 
of noise. 


4. Discussion 


In this paper the bandwidth of the moon has been defi 
by analogy with an electrical circuit as being the passba 
of the system. An alternative definition for a time- -varyi 
network such as this would be the frequency separati 
between two carrier waves which causes their amplitudes | 
become uncorrelated. This function has been measured 
Ingalls et al. (1961), who find that for a frequency separati 
Aw of 1 kc/s between the carrier waves the correlation | 
their amplitudes y(Aw) is reduced to 0:25. Thus it is cl 
that these two definitions yield approximately the sa 
results. Hagfors (1960) has examined the relations 
between the correlation R(Aw) which exists between 
complete waveforms of two carrier waves and the avera 
impulse response of the circuit A;. He showed that provi 
that there are many scattering elements, so that the return 
signals resemble narrow-band gaussian noise, A- and R(A 
are related by 


+ 0 


= | exp (iAwr) R(Aw)d(Aw) 


A.2 


and R(Aw) = =| AZ exp (iAwr)dt. 
TT ~— 


Thus the correlation coefficient R(Aw) for two frequenci 
separated by Aw is given by the Fourier transform of tl 


average infinite impulse power response A.’. 


In mo 
experiments, however, the complete r.f. waveforms are ne 


examined but only their amplitudes. Ingalls et al. (196 
determined the correlation between the detected signals, an 
employed linear detectors at the outputs of their two receiver 
If |G(w,)| is the amplitude of the envelope of the signal : 
a frequency w,, then we require the average of the produ: 
|G(w1)| |G(w )|.. Price (private communication) has su: 
gested that this will not differ appreciably from the averag 
observed using square law detectors, i.e. 


|G(@)| |G» 


and that this is given by 


~ |G(w,)|? |G(@.)/? 


|G(w,)|? |G(@2)|? = 


CO = comers 2 
i Adt ets | A,? exp {it(wy = wat 
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“\ssuming that w, and w, > 1/duration of A,* and that the 
“‘“gnals resemble narrow-band Gaussian noise. The first 
‘}rm on the right of the above equation is simply a ‘d.c. 
‘lnrnY’ representing the small value for the correlation that 
‘ill exist at widely spaced frequencies. Thus Price (private 
‘ymmunication) concludes that the normalized correlation 
‘inction y(Aw) observed between the amplitudes of the two 
‘'enals at frequencies w and w + Aw, is given by the square 
‘if the Fourier cosine transform of the average infinite 
, pulse power response A,”. 

_) Because the moon is a solid target spinning with a uniform 
‘Jongular velocity it would also be expected that a relation 
ill exist between the function for the demodulation observed 
Jere (Fig. 2) and the power response 4,2. The relationship 
© a system where one sideband is suppressed is straight- 
‘\yrward. For such a system the amplitude of the modulation 
ne w,, corresponding to a frequency separation between 
1e carrier and sideband w,,—=w;,—w, is simply 
|3(@)| |G(w2)|. That is the demodulation function has the 
‘ame form as the autocorrelation function y(Aw), but 
‘Whereas it is customary to remove the average in y(Aw), es 


t |G(w)| |G(w + Aw)| — |G(w)|? 

| y(Aw) = ! 

| |G*(w)| — |G()|? 

iho that y(Aw) — 0 as Aw becomes large), the demodulation 
j/anction A(W,)sup. sideband 1S simply 


EA( Gor enn: sideband — |G(w)| |G(w ain Wm). 


'’ Where double sideband a.m. signals are transmitted, the 
‘|hases as well as the amplitudes of the two reflected sidebands 
‘tre important. This is because it is possible for the two 
\debands to beat with the carrier in the receiver and generate 
‘~ynes which have the same frequency but not the same phase. 
‘hus the demodulation function A(wm)am, becomes 
ie average of the vector sum of two beat products 
(w)G(w + Wm) and G(w)G(w — wm) 


A(Wm)a.m, = G(w)G(w + Wm) + G(w)G(w — wy). 


It is not clear what relation A(wy))a m, has to A(Wm)sup. sideband. 
Vhen considered qualitatively it can be seen that two 
pposing effects will take place for high values of w,): 

(a) The sidebands G(w + wm) and G(w — wm), being 
sparated by 2w,,, soon cease to be well correlated. As a 
‘issult when either one is weak there is no strong probability 
daat the other will be weak also, and because only one side- 
dand is required to generate the modulation tone, the likeli- 
ood of the resultant audio tone being momentarily poor is 
jeduced. 
4 (6) An opposing effect is the fact that when both sidebands 
{re strong they will generate tones which are not in phase. 
‘he resulting signal will be weaker than that generated by 
ither one separately when they differ in phase by more 
jaan 90°. This will reduce the average signal level and 
ause a double sideband a.m. system to have a smaller useful 
andwidth than a suppressed sideband system. 


5. Summary 


It has been shown that the alternative definition of the 
andwidth of the circuit, by means of the correlation— 
requency separation function, is directly related to the 
npulse response of the network. However, no similar 
imple relationship has been found for the demodulation 
anction A(w ,) measured here (Fig. 2). Thus it is not 
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possible to compare this measurement with the results of 
other radio-echo studies of the moon. 

A double sideband a.m. system will exhibit a deterioration 
in the level of the modulation as the modulation frequency 
is increased. This effect causes the channel to have a half 
power bandwidth of about +1 kc/s, but because the reduction 
in the level of the modulation does not appear to increase 
rapidly with frequency a considerably larger bandwidth 
could, in theory, be used. For instance, a channel employing 
modulation frequencies of 300 c/s to 10 kc/s would exhibit 
a response at the high frequencies only 3 dB worse than at 
the low frequencies. A compensating network could be 
employed either at the transmitter or at the receiver to 
remove this effect. However, as Ingalls et al. (1961) have 
observed the useful channel bandwidth is restricted to the 
range of modulation frequencies, which generate sidebands 
that are well correlated, and this is only of the order of 
1-2 kc/s. If a larger channel width is employed it becomes 
impossible to use automatic gain control to remove the 
fluctuations in signal level, and the intelligence sounds dis- 
torted because the relative levels of the individual tones in 
the reflected signal will be different from the levels in the 
transmitted waveform. 


6. Conclusion 


The moon can be used as a reflector in a communication 
system which has adequate bandwidth for transmitting speech 
intelligence, but a single channel would be inadequate for 
music. A system of frequency diversity would seem to be 
the best method to overcome the rapid fading caused by the 
moon’s libration. Evans (1957) proposed that a system using 
narrow-band f.m. could achieve this effect, but single side- 
band or conventional a.m. systems make better use of the 
available bandwidth. 
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Abstract 


With the increasing use of physical methods of gas and 


vapour analysis, there is a need for a convenient means of 


calibration. It is confirmed that the use of gas and vapour 
mixtures stored in cylinders under pressure is a suitable 
method. Such mixtures are stable with time. The 
analysis of gas and vapour mixtures has been found to 
agree to within 1% of the calculated value. 


Introduction 


increasing use is being made of physical methods such as 

mass spectroscopy, infra-red gas analysis and gas 
chromatography. For quantitative work such analysers 
must be calibrated against accurately prepared mixtures of 
known composition. Such a situation arises in modern 
anaesthetic research where increasing use is being made of 
the technique of gas chromatography (Adlard and Hill 1960, 
Hill 1960). The great advantage of the gas chromatograph 
lies in the fact that on the one instrument may be analysed 
all the gases and vapours encountered in anaesthetic practice. 
The components to be analysed include oxygen, nitrogen, 
carbon dioxide, nitrous oxide, cyclopropane, ether, halo- 
thane (2-bromo-2-chloro-1, 1, 1-trifluorethane), chloroform 
and trichloroethylene. 

Several methods are available for the production of known 
gas and vapour mixtures. Gas mixtures may be prepared by 
mixing together streams of gases, the individual volume flows 
being measured with ‘rotameter’ type flow meters. However, 
unless complicated regulating equipment is used it becomes 
somewhat inconvenient to hold the flows steady. Known 
vapour concentrations may be prepared by vaporizing a 
known mass of the liquid per unit interval of time into a 
known volume flow rate of the gas (Jahn 1955). 

Alternatively, the liquid to be vaporized can be held in a 
metal saturating vessel, which is cooled to a known tempera- 
ture in a solid carbon dioxide-petroleum ether bath. A 
steady flow of some 50 ml/min of the required carrier gas is 
drawn through the vessel. A knowledge of the barometric 
pressure and the variation of the saturation vapour pressure 
of the liquid with temperature enables the concentration of 
the vapour emerging from the vessel to be calculated 
(Edmondson 1957). It is essential to prevent the occurrence 
supersaturation of the issuing vapour. This is accomplished 
by passing the vapour stream through a metal spiral 
immersed in the coolant bath. Rubber connections should 
not be used since they can readily absorb vapours. Care 
must also be taken to ensure that gas and vapour streams 
are thoroughly mixed. 

The most generally useful method of calibrating gas and 
vapour analysers is to employ accurately prepared mixtures 


I: laboratories concerned with gas and vapour analysis, 
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contained in metal cylinders under pressure. Reproducil 
calibrations are readily obtainable and the cylinders may 
used in portable equipment away from laboratory faciliti 


Cylinder filling procedure | 


The cylinders to be used should be fitted with a compete 
fine control valve and must be able to withstand safely t 
required final filling pressure. If made of steel they must 
free from rust on the inside surfaces. Rust may abso 
anaesthetic vapours or cause a diminution in the oxyg} 
concentration (Haldane 1920). To avoid this difficulty it} 
best to have the inside surfaces of the cylinders cleaned | 
shot-blasting and then electro-tinned. The cylinder fillij 
manifold is constructed in two parts, of which the lo 
pressure part is shown in Fig. 1. By means of a rotary 
pump the cylinder and manifold are evacuated to a press 
of 0-1mm Hg or better. For cylinders to be filled w 
mixtures containing components in the parts per milli¢ 
range, an oil diffusion pump is used with the manifold press 
measured on a Penning gauge. Since a cylinder to 
evacuated may have previously contained a vapour mixtu 
the removal of this vapour is followed with a Pirani gaug 
Once the manifold and cylinder have been evacuated t 
vacuum needle valve is opened and shut several times 
pump off any air present above the liquid to be vaporiz 
The pump is then shut off from the system and vapo 
admitted by gently warming the liquid with a hot-air blowd 
The actual vapour pressure in the system is read off on t 
mercury manometer, due allowance being made for le 
changes occurring in the reservoir. The actual pressure 
vapour admitted is chosen to be below the saturation vapo 
pressure of the liquid at the lowest ambient temperature 
which the cylinder is likely to be subjected in use. In t 
way there is no fear of the vapour condensing in the cyind 
After being filled, the cylinder is removed from the manifo: 
and the vacuum pump oil purged with an air ballast flo 
to remove any vapour from the oil. 

The cylinder is now attached to the high-pressure manifo 
shown in Fig. 2. The commercial gas cylinders containir 
the various components of the diluent gas mixture are co: 
nected to the manifold via a master fine-control valve. Th 
ensures a fine control over the filling pressure irrespective « 
the condition of the individual cylinder valves. Low parti 
pressures are measured with a mercury column in parall 
with a 0-20 lb/in? Bourdon tube gauge. Higher parti 
pressures are measured with a 0-500 1b/in? Bourdon tut 
gauge in parallel with a dead-weight tester. The oil fillir 
of the dead-weight tester is prevented from entering tt 
manifold by means of a neoprene diaphragm. The manifo. 
is conveniently constructed from nylon pressure tubing. 

Before a cylinder is filled, all unions are loosened and tl 
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McLeod gauge 
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cylinder to 
be filled 


i) 


‘fystem thoroughly flushed with gas. With the unions tight, 
‘ind the manifold pressure above atmospheric, the valve of 
ie cylinder to be filled is slowly opened. The cylinder 
Valve and the master valve on the manifold are then alternately 
‘pened in small steps until the cylinder has its valve wide 
‘ypen and is filled to the required pressure. The Bourdon 
‘ube gauges act merely as indicators, the pressures being 
iimeasured accurately on either the mercury column or the 


dead weight 
tester 


diluent gases 


'Nylaflow' cylinder to 
needle L nylon tubing be filled 
valve ae | 
eal 
v0) ) ©) ") 
f, safety on 
; valve 
~) 
0-20 Ib/in® 0-500 Ib/in? 


pressure gauges 


Fig. 2. Pressure filling manifold for cylinders. 
liWead-weight tester. When filled the cylinder is shut off from 
‘he manifold by closing the cylinder tap for at least one hour, 
o allow it to attain temperature equilibrium with its sur- 
/roundings. At the end of the hour, when the tap is opened, 
‘he manifold and cylinder pressure will have fallen slightly 
‘hnd is then reset to its final value. The cylinder is then shut 
ff and the manifold pressure released. If more than one 
lzas is to be used in the filling the manifold is flushed with 
he next gas and the procedure repeated. Immediately the 
rylinder is filled it is labelled to record its contents. When 
cylinder mixtures are to be inhaled by human subjects it is 
nost desirable that the composition of the mixture be checked 
>y an analytical procedure. 

In computing the cylinder contents it must be remembered 
‘hat the dead-weight tester measures pressure with respect to 
atmosphere and not to a vacuum. Atmospheric pressure is 
‘ead on a Fortin barometer in the same laboratory as the 
filling manifolds, and the height of the barometer converted 
-o the equivalent height at 0°c. Use is then made of the 
relationship that a pressure of 14-70 lb/in? absolute is 
equivalent to the pressure due to a 760mm column of 
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Vacuum manifold for cylinder filling. 


mercury at 0°c. This method of preparing mixtures in 
cylinders can be applied to most gases and vapours. It is 
recommended that mixtures of inflammable substances such 
as ether be prepared in nitrogen rather than oxygen. By 
this means any risk of combustion is reduced. 


Stability of cylinder mixtures 


As previously described, the cylinder is left for at least one 
hour on the manifold before the pressure is finally adjusted. 
In the case of a mixture of carbon dioxide in oxygen it was 
found that the composition of the mixture, as determined 
on removing the cylinder from the manifold, subsequently 
remained constant. For ether and halothane mixtures in 
nitrogen the composition of the mixture became constant 
only after the lapse of some four hours after filling. It is 
the practice in this Laboratory to leave any cylinder over- 
night before using it. Thus the cylinders are not rolled to 
hasten the process of mixing, but we rely on thermal agitation 
to accomplish this. As an example of the effect of rolling, 
Bann (private communication) states that a cylinder filled to 
1800 Ib/in? with a mixture of 50% nitrogen and 50% oxygen 
by volume attained a constant composition after 135 minutes 
without rolling and in a horizontal position, after 8 minutes 
with rolling. It would seem that if a high-pressure cylinder 
is left to mix in a vertical position the process may take 
several days. Here the area across which diffusion can occur 
is much smaller than in the horizontal position. 

It has been suggested (Astrup 1957) that mixtures of 
carbon dioxide in oxygen compressed in cylinders change 
their composition with time. The explanation for this is 
stated to be that the more dense carbon dioxide settles out 
at the bottom of the cylinder. From kinetic theory one 
would not expect this to happen, as under experimental 
conditions the effect of gravity on the gas mixture can be 
neglected. Even in the critical region the effect of gravity 
may not be significant. This has been demonstrated for 
ethylene by Maas and Geddes (1937). Two cylinders con- 
taining mixtures of carbon dioxide in oxygen were secured, 
one in a vertical position and the other in a horizontal 
position. Analyses of the carbon dioxide concentration were 
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Cylinder concentration stability 
(Nov. 1960—Jan. 1961) 


Cylinder left permanently horizontal (pressure 1900 Ib/ in” gauge) 
Nominal 5% CO, in O, (British Oxygen Co. Ltd.) 


Table 1. 


Date 2BINova ee] Nova: Decay bec: 

CO, concentration 4-59 4°59 4-61 4-59 
(% v2) 

Date 12 Dec. 4Jan. 12 Jan. - 25 Jan. 

CO, concentration 4-61 4-63 4-60 4-61 
(% 2) 


Cylinder left permanently vertical 
Nominal 7°% CO, in O» (British Oxygen Co. Ltd.) 


Date SiDecy isiDeca IZ Vales On arr 
CO, concentration 6:73 6°71 6:74 6°73 
(% v2) 


Table 2. Cylinder concentration stability 


(Nov. 1960—Jan. 1961) 
Cylinder deliberately run down 
Nominal 5% CO in O2 (British Oxygen Co. Ltd.) 


Date 14 Nov. 14 Nov. 17 Nov. 17 Nov. 21 Nov. 

Pressure 1800 1440 1080 720 360 
(Ib/in* g) 

CO, concen- Sol 5:20 Sy) SePAll esol) 
tration 

Date 23 Nov. 28 Nov. 29 Nov. 7 Dec. 4 Jan. 

Pressure 260 180 100 50 30 
(Ib/in* g) 

CO), concen- Sele; ally, aye 7/ Scile Sule, 
tration 


made with a Lloyd—Haldane analyser (Lloyd 1958) at inter- 
vals of several days. The constancy of the results is shown 
in Table 1. Another cylinder was deliberately run down, 
over a period of several days, and the carbon dioxide con- 
centration measured for various cylinder pressures. Table 2 
shows that the maximum variation was 1-15 °% of the original 
value. Timms ez al. (1958) report a significant change in the 
concentrations of impurities in carbon dioxide depending 
on the rate of withdrawal of the gas from the cylinder. 
They attribute the effect to a different distribution of impurity 
gases between the gas and the liquid phases in the cylinder. 
Vapour mixtures in cylinders have been found to be stable 
to within 1% of the original value using infra-red analysers 
of the Luft type (Luft 1943). The analysers were calibrated 
against an independent method based on saturation vapour 
pressures as previously described. 


Compressibility corrections in cylinder filling 


If the composition of the gas mixture in a cylinder is to 
be calculated accurately on a pressure basis, then it is necessary 
to be able to take into account the departures from the 
perfect gas laws of the gases used. Calculations based only 
on Dalton’s law of partial pressures* (Dalton 1802) and 
Boyle’s law may lead to error. 


* It is interesting to note that Dalton postulated his law as a 
solution to the problem of why the atmosphere does not settle 
out into layers under the action of gravity. Modern work (Chackett 
et al. 1949) shows that there is no detectable difference between 
the composition of ground level and stratosphere air. 
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Gaseous solutions at moderate pressures behave as id. 
solutions (Lewis and Randall 1923), and obey the law | 
additive partial volumes (Din, British Oxygen Co. Resear| 
Report No. E 2841 1960). For gases this law states tf 
in the absence of chemical reaction, when gases at the sail 
temperature and pressure are mixed, there is no change 
the total volume nor in the pressure and temperature af? 
mixing. This law does not apply to cylinders filled to sul 
a pressure that any one of the components, if subjected ala 
to this final filling pressure, would liquefy. Under the 
conditions a form of compressibility correction based | 
Dalton’s law is employed. The mole fraction of the desin 
component is calculated using experimentally determin 
values for the molar volumes. 

Detailed evidence of the pressure and composition ran 
over which a gas mixture will obey the law of additive part 
volumes (due to Amagat) is not available. 

The calculations set out in Table 3 show that a mixt 
computed on a simple Dalton’s law and Boyle’s law basis | 


Table 3. Compressibility correction for a 5% CO in O» 
cylinder 
= 20 lb/in? abs. = 1°36 at 


CO, filling pressure 
= 400 lb/in? abs. = 27:2 at 


Final filling pressure 


Room temperature = WE 
Specific volume CO, at 20° c, 
1-36 atm = 17580 cm3/mole 
Specific volume CO, at 20° c, 
27-2 atm = 739 cm3/mole 
Specific volume O, at 20° c, 
27:2 atm = 870 cm3/mole 
Let V = total cylinder volume (in cm?) 
V, = partial volume CO, in final mixture 
V, = partial volume O, in final mixture 
Number of moles CO, at 1:36 atm = V/17580 


Number of moles CO, at 27:2 atm = V,/739 

Hence V /17580 = V,/739 

Number of moles O, at 27-2atm = V,/870 

V = V, + V2 (aw of additive partial volumes) 
V/17580 

V /17580 + V,/870 


= 0:0491 = 4-91 % v/v CO, 


Mole fraction of CO, = 


contain 5-:00% v/v of carbon dioxide in oxygen at a filling 
pressure of 4001b/in? absolute would actually contai 
4-91%. It can be seen that the effect of the ey | 
factor is to cause the cylinder to contain a greater mass c 
oxygen than was originally expected. The pressure, volum 
and temperature data were obtained from Din (1956) an 
Michels ef al. (1954). Table 4 shows that the values fc 
various mixtures calculated from chemical analysis by th 
method of Scholander (1947) agree to within 1%. Th 
method can be extended to ternary mixtures as shown i. 
Table 5. When a major component comprises a relativel 
compressible gas such as nitrous oxide, it is seen that th 
compressibility correction is by no means negligible. Th 
analysis of mixtures containing nitrous oxide was performe: 
with a Haldane analyser using saturated sodium hydroxid 
(Nunn 1958). The pressure, volume and temperature dat. 
for nitrous oxide were obtained from the University of Texa 
(Hirth, private communication). The data of Britto: 
(1929) are not accurate. 
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Table 4. Analysis of mixtures of CO, in O, 


i =) (2) (3) (4) 
i A 2-90 Gia 0-03 DSBS sp (HOE 501 
“t B 4-88 + 0-03 4-89 + 0:03 407 
€ 4:91 + 0-03 4:95 + 0:03 406 
id, D 4-91 + 0-03 4:94 + 0:03 406 
i E 6:90 + 0:04 OGOil se Os 291 
thy) 6 OF 6:88 + 0-04 6°83 + 0:03 292 
4) Cylinder; (2) calculated % CO. v/v; (3) % CO> Scholander 


analyser; (4) cylinder pressure (Ib/in2 abs). 


'On a straight partial pressure basis, without any oe 
‘prrections, cylinder A would give 3:0% COn, cylinders B, C, 
‘0%.COz and cylinders E, F 7% COo. 


lable Sy 


Compressibility corrections for a 5%v/v CO, 
ij Concentration in a diluent comprising (70% NO, 30% O>) 
“sO, filling pressure = 20 Ib/in? abs. = 1-36 atm 
,|, Op filling pressure = 114 + 20 = 134 Ib/in? abs. = 9 atm 
“4,0 filling pressure = 266 + 134 = 400 Ib/in? abs. 

= 7/2) ayied 
h 
ape 
He spec. vol. cm?/mole CO, at 20° c, 1:36 atm = 17580 
B = spec. vol. cm?/mole CO, at 20°c,9 atm= 2539 
C = spec. vol. cm?/mole O, at20°c,9 atm= 2649 
Pe spec. vol. cm*/mole CO, at 20° c, 27:2 atm = 739 
= spec. vol. cm*/mole 0, at 20° c, 27:2 atm = 870 
#— spec. vol..cm*/mole N,O at 20° c, 27-2atm = 732 


(AB) eel 
2 COF 100 
V/V 2 {1 + GC 4 DD 


E(A — B)])~! 
=|} 


= Hoyo, 
his was 4:40°% by Haldane analysis. 


From Dalton’s and Boyle’s laws, one could expect to 
roduce a binary mixture of 100 parts per million by using 
-04mm Hg pressure of the minor component in a total 
ylinder pressure of 40 atmospheres. For a 100 parts per 
ullion mixture of carbon dioxide in oxygen the com- 
ressibility calculation gives a result of 102 parts per million. 
or 100 parts per million of oygen in carbon dioxide the 
alculated result becomes 71 parts per million. 

It is suggested that cylinders whose calculated compositions 
gree with the chemical analysis to within 1% be held as 
‘andards in the laboratory. These cylinders can then be 
sed to check the constancy of the chemical analysers, since 
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unexpected trouble may arise with these because of leaking 
taps and faulty reagents. In addition, the cylinders provide 
a useful cross-check on the absolute calibration of the 
chemical analyser. 

For the past four years a variety of physical methods of 
gas analysis, including various infra-red analysers and gas 
chromatographs, have been regularly standardized against 
calibration cylinders. No unexpected results have been 
found. 
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Abstract 


General formulae are presented for square and linear 
probe arrays on circular specimens which permit the 
calculation of sheet resistivity from voltage and current 
measurements made with the probes in any position. 
From these formulae it is deduced that the square probe 
array is preferable on small specimens on the grounds of 
accuracy, as well as from spatial considerations. 


Introduction 


germanium it became necessary to make four-probe 

resistivity measurements on thin circular specimens of 
small diameter. On account of the small diameter it was 
clearly advantageous to use a square rather than a linear 
probe configuration. Formulae have been published for 
linear probe configurations on square and circular specimens 
by Smits (1958), and for square probe configurations on 
square specimens by Keywell and Dorosheski (1960), but 
not, apparently, for square configurations on circular 
specimens. In addition, no reference has been made to the 
effect on the formulae of displacement of the centre of the 
probe array from the geometrical centre of the specimen. 


IE the course of work on the properties of irradiated 


Formulae for the square probe array 


From elementary theory it can be shown that for a specimen 
of uniform thickness and resistivity: 


=G ings 2S () 


where p, is the sheet resistivity, V is the potential difference 
between the voltage probes, J is the current flowing between 
the current probes, and S is the correcting factor applicable 
to square probe arrays on finite specimens. The derivation 
of formula (1) is given in the appendix. 

For a square probe array of side 2¢ on a circular specimen 
of radius r, where the centre of the probe array is displaced 
a distance «ft in a direction parallel to the current dipole and 
a distance Bt perpendicular to the current dipole, it can be 
shown that 


When the total displacement is perpendicular to 
current dipole « =0, whence 4 = B=1+(1+ py : 
C=D=1+(- py. Substitution of these values in | 


gives 
es Sa {ADR* — (A+ D—8)R* + }} 
0.8 {ADRt — (A+ D—4R2 +13 
4R? 
=J]+ 


" (B2R2 — 1)? + 4R* 


When the total displacement is parallel to the curre 
dipole 8 = 0, whence A = C and B = D, but in this ce 
substitution for A and B in terms of « effects no simplificati« 

From simple geometrical considerations it can be sho 
that when the current probes lie at the circumference of 
specimen 


1+ +p. 


This, when substituted in (3), reduces it to S=2. Si 
this result holds irrespective of the position of the volta 
probes, provided the square configuration still obtains, 
must be true when these, also, are at the circumferen| 
This result is then identical with that obtained by Van 
Pauw (1958) using a different approach. 


Formulae for the linear probe array 


The formula corresponding to (1) is as follows: 


a=(F aha 


where p,, V and J are defined as before and L is the correct 
factor applicable to linear probe arrays on finite specime: 
Formula (6) is also derived in the appendix. 

For a linear probe array with inter-probe spacing 2¢ or 
circular specimen of radius », where the mid-point of t 
probe array is displaced a distance ¢ in a direction paral 
to the current dipole and a distance ¢ perpendicular to t 
current dipole, the formula corresponding to (2) is 
follows: 


[De 

Sac = {EHR‘* —(E + H — 16)R? + 1{FGR* — (F + G — 16)R? + 
{ADR* — (A + D — 8)R* + 1 BCR* — (B+ C—8)R?4+ 1} {EGR* — (E+ G—4)R? + I FAR — (F + AH 4)R2 4 
{ACR* — (A + C —4)R? + 1MBDR* — (B+ D—4R2 +1} | 

(2) where =(3 + «)* + P? G=(1 + a)? + p? 

where A = (a — 1)? + aa = (« — 1)? + (B —1), = (3 — 4)? 82 (1 9) ee 

B=(a+1?+(8+1 =(«+1)?+(8 —1)?_ and R= ti). 

el Ik = Hip. When the total displacement is perpendicular to 1 
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urrent dipole «=0, whence E=F=9+/f? and 
‘= H =1-+ f?. Substitution of these values in (7) gives 


_ {EGR* — (E+ G — 16)R? + 1} 


{EGR' —(E+G—4R? + 1} (8) 


Lo,¢ 


is 12R2 
' {(B2 ee 3) R2 a 1}2 fi 462 R2 


(9) 


When the total displacement is parallel to the current 
ipole 8 = 0, and, again, no simplification is possible. 
The formula corresponding to (5) is as follows: 


(10) 


.\yhich, when substituted in (9), reduces it to L =4. This 
sult is identical with that which can be derived from basic 
aeory (see Appendix). 


Discussion 


In this discussion it will be assumed that the ¢/r ratio lies 
etween 1/3 and 1/5 and that the minimum displacement 
jactor is 1/20. These values are typical of the problem which 
jnitiated this work. 
| Although corresponding formulae for linear and square 
.[robe arrays are very similar in form, differentiation of 
jormulae (4) and (9) shows that, if the displacement factor 
s regarded as an error, then the error induced in Lp ¢ is at 
rast four times the corresponding error induced in Sp. 
\ precise calculation, using simultaneous non-zero values 
or a and f is difficult to interpret in the general case, but it 
iis obvious that for small values of « and /, when the «8 
‘product terms are negligible, the errors are additive. These 
siesults, coupled with the fact that the forms of variation of 
“. and S with respect to both « and f are such that the errors 
4a them increase rapidly with increasing displacement factor, 
or a given displacement error, make the square probe array 
referable to the linear probe array. Also, the obvious fact 
hat the square configuration can be used on smaller speci- 
gens carries with it the cognate advantage that, for a given 
alue of the t/r ratio, the probes are farther from the edges 
ff the specimen where non-uniformities, if they existed, 
{vould introduce errors. 

From formulae (3) and (8) it is obvious that the inter- 
hange of the current and the voltage probes has no effect 

This can be used as a 
This 
jest is most useful when the ¢/r ratio is small. It is hoped to 
publish a paper on the quantitative aspects of such measure- 
(nents at a later date. 
It is interesting to note the contrast between the relative 
jimplicity of the expressions for Sp.g and Lo, as given in 
/ormulae (3) and (8) and the complexity of the corresponding 
ormulae for Sz,9 and Lz o. This can be explained by the 
‘lement of symmetry existing in the former translation 
which does not occur in the latter. 
- All the formulae quoted in this paper are based upon a 
wo-dimensional model so that it is necessary to know, in 
sractical terms, the maximum permissible thickness of 
specimen to which they are still applicable. Data published 
sy Smits (1958) show that, if w is the thickness of the specimen 
ind 21 is the inter-probe spacing, two-dimensional formulae 
are accurate to within 0:25% if the ratio w/t is less than 
nity. 
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Appendix 


Harnwell (1938) shows that for a single current source in 
an infinite sheet the potential at a point a distance d from 
the source is given by 


I 
~ — $o = —5-pslnd (11) 
where ¢ is the potential in question, dg is some arbitrary 
reference potential, p, the sheet resistivity and J the current 
flowing. From this it follows that the potential at a point 
distance d, and d, from the poles of the current dipole is 
given by 


In a (12) 
1 


$ — $9 = — 


Fig. 1. Simple dipole configuration. 


distances d, and d, and d; and d; from a current dipole 
(see Fig. 1) is given by the following general expression: 


Ip,,_ dod; 
Ad = 
leery 


where A¢ is identical with the V used in formulae (1) and (6). 
For linear probe arrays (see Fig. 2) with equal inter- 


(13) 


Fig. 2. Linear probe configuration. 


probe spacing dj = d, = 2d; = 2d;. Substituting these 


values in (13) gives 
a r) 2a 
ee Gs in4 


This is identical with formula (6) applied to an infinite 
sheet, since the substitution of ¢/r = 0 in formula (7) gives 
Jk, == Ile 

For a circular finite sheet an additional image dipole PQ 
is introduced to maintain the necessary boundary conditions. 
This adds an additional term to formula (13) to give 


PH.QG 
76.08) 


(14) 


_ !Ps 
Ad =F (in4 + In (15) 
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This formula can be written in the form 


V\ 27 
ee 16 
Ps Galen eo) 


which is identical with formula (6). 


Fig. 3. Square probe configuration. 


For the square probe array (see Fig. 3) d; = dy = 1/2d, = 
1/2d;. Substituting these values in (13) gives 
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UND 
Beker Ga In2 
This is identical with formula (1) applied to an infinite st 


since the substitution of t/r = 0 in formula (4) gives S$ 
Introducing the image dipole as before gives 


«lp ee UG | 
ne a (in ra oe oD) 


This formula can be written in the form 


“ = 2a 
p= in 28 


which is identical with formula (1). 
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Abstract 


mmonium dihydrogen phosphate shows no detectable 
ielectric dispersion between 10 kc[s and 36 Gc]s. Deter- 
nations of the permittivity € at a frequency of 36 Ge|s 
_|re described: the values obtained are «\ = 14-0 at 
“LC and €; = 57-1 at 21-5°c, where « and «€, are 
1e values of permittivity when the applied electric field 
ii’ parallel with or perpendicular to the optical axis. 
hese values are not measurably different from those 
btained at lower frequencies by the author (at 1 Mc|s) 
nd by other workers (at 10 ke|s). 


Introduction 


by Froome and Bradsell (1960) as an electro-optical 

shutter to modulate a beam of light at microwave 
requencies, and for this work a knowledge of the dielectric 
roperties of the material at centimetre wavelengths is needed. 
‘ublished information about the dielectric properties at very 
igh frequencies is scanty. Measurements of the permittivity 
ave been made by Bechmann ef al. (1957) at a frequency 
f 10 kc/s and a temperature of 18:5° c, and the values 
sported by them are as follows: « = 14:0 + 0-2 and 
| = 57-6 + 0-5, where «; denotes the value of permittivity 
yhen the applied electric field is parallel with the optical axis 
nd €, the value when the electric field is perpendicular to 
qe optical axis. Published figures for higher frequencies 
von Hippel 1954) indicate that at 25° c the value of «| is 
3-7 at 10 Gc/s and the value of €; is 55-9 at 300 Mc/s, but 
ince the values at 10kc/s (e; = 15-4 and e; = 55-9) 
iffered appreciably from Bechmann’s values, it seemed 
lesirable to make a fresh determination of the values at very 
igh frequencies. 


| A MMONIUM dihydrogen phosphate has been used recently 


Method of measurement 


The highest frequency at which measurements can be made 
it present at the National Physical Laboratory is 36 Gc/s, 
orresponding to a wavelength of about 8 mm. The method 
f measurement is shown in Fig. 1. The source is a klystron 


standing wave 


klystron oscillator sat 
y indicator S 


a 7 short pee 
plate 
Pound 
| stabilizer 


sample cell 


Fig. 1. Apparatus for measurements at 36 Gc/s by standing 
wave method. 
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Dielectric properties of ammonium dihydrogen phosphate at 
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generating power at the required frequency, and the material 
under examination is fitted at the end of the sample cell, 
which forms part of the wave-guide system. The standing 
wave pattern is examined by means of the standing wave 
indicator S consisting of a travelling probe projecting a short 
distance into the wave-guide: the r.f. output from the probe 
is rectified and monitored by means of a d.c. galvyanometer. 
When no material is in the sample cell, the travelling wave 
is reflected at the short-circuiting plate terminating the sample 
cell and the standing wave resulting from the interaction of 
the incident and reflected waves has minimum values or nodes 
which are nearly zero. The nodes are detected by the standing 
wave indicator, and the distance x of the first node from the 
short-circuiting plate at the end of the sample cell is measured. 
When the sample of material is fitted at the end of the sample 
cell there is some absorption of energy, the amount depending 
on the material, and the standing wave pattern is altered 
since the amplitude of the reflected wave is reduced because 
of absorption in the material and the standing wave mini- 
mum is no longer zero. Further, since the permittivity of 
the material is greater than unity, the positions of the nodes 
are shifted, and the distance of the first node from the short- 
circuiting plate is increased to a value x,. It can be shown 
that the permittivity € is given by 


= Ags ce (B2/27)? 
As se Ae 


where A, = cut-off wavelength for the guide, A, = wave- 
length in the guide and f, is derived from the expression 


tanB,d — — A, tan (277x9/A,) 
Bod 27d 


where d = thickness of specimen and xg = distance of the 
first node from the surface of the specimen = x, — d. Since 
the quantities A,, As d and xp can all be derived from the 
measurements, Bd, and hence 3, is obtained from Eqn (2). 
There are, however, an infinite number of solutions to 
Eqn (2), giving different values of Bd, and the procedure 
adopted was to measure two samples of differing thickness 
and so derive a common value for 83, which was then sub- 
stituted in Eqn (1) to give the value for permittivity. 

In the H,) wave-guide system used, there are two com- 
ponents of the magnetic field H, one longitudinal and the 
other transverse, and also a transverse electric field E (Fig. 2). 
To determine € or €;, samples of ammonium dihydrogen 
phosphate were cut so that when they were inserted in the 
wave-guide the transverse electric field in the guide was 
parallel (Fig. 2(a@)) or perpendicular (Fig. 2(6)) to the optical 
axis. The pieces had to be accurately cut so that they were a 
close fit in the wave-guide, and this operation involving 


(1) 


(2) 
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cutting flat pieces of the required dimensions (a = 7:26 mm, 
b = 3-58mm and d= 2 to 3 mm) from the rather brittle 
material was skilfully carried out by Mr. J. Conway (late of 


waveguide — 
/ 


eh 


(a) (b) 


Fig.-2. Sample in wave-guide, (a) electric field E parallel to 
optical axis, () electric field E perpendicular to optical axis. 


the Standards Division Workshop). When. satisfactory 
pieces had been prepared, all the five faces in contact with the 
sides and the end-plate of the sample cell were coated with 
evaporated silver films: this was done because intimate 
electrical contact between the sample faces and the metallic 
sides and end-plate is essential when measuring materials of 
relatively high permittivity. 


Measurements of permittivity 


Measurements on two samples of ammonium dihydrogen 
phosphate of differing thickness were made at a frequency 
of 36 Gc/s with the electric field parallel with the optical axis. 
The value found for the permittivity for each sample was 
€|, = 14-0 at 21° cc. The estimated limit of error was +0-3., 
It was a relatively simple matter to measure the permittivity 
at a lower frequency of 1 Mc/s and for this measurement a 
larger piece, 19 mm diameter and 1-8 mm thick, was cut and 
the permittivity determined by means of the Hartshorn— 
Ward (1936) method. The value obtained at 1 Mc/s and at 
21° c, was « = 14-0, the estimated limit of error being 
SEOs. 

Thus the value of €}| is, within the experimental error, the 
same at 36 Gc/s as at | Mc/s and it is also the same as that 
reported by Bechmann at 10 kc/s. 

Measurements were made using the same technique at 
36 Gc/s on two samples with the electric field perpendicular 
to the optical axis. The values of €; obtained were 56-7 for 
one sample and 57:4 for the other, but here the limits of 
error were estimated to be +1. Fortunately, more accurate 
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measurements of €,; at 36 Gc/s could be made by an alt 
native method using a cylindrical cavity resonator (Hori) 
et al. 1946). This method is well known, and all that nee 
to be said here is that the permittivity can be determir 
from measurements of the resonant length and Q-factor 
the cavity made with the cavity empty and then with a sam} 
of material introduced into the cavity. The cylindrical caw 
used for the measurements was 19 mm diameter, and a sam 
of approximately this diameter was cut to fit in the cav 
In this case, however, a close fit in the cavity was not essen 
since the transverse circumferential electric field is zero) 
the walls of the cavity. It was a relatively simple matter } 
cut a flat disk of the material of the required dimensioj 
such that the optical axis was perpendicular to the elect} 
field in the cavity. (A sample of the same size but with fj 
optical axis parallel to the electric field could not be cut fre 
the material available.) The value obtained by the cylindri¢ 
cavity method at 36 Gc/s was €; = 57-1 at 21:5°c. 
estimated limit of error was +0°6. 

At a lower frequency of 1 Mc/s the result obtained 
€, = 57:2at21-5°c, the estimated limit of error being +0- 
Here, again, the values at 36 Gc/s and 1 Mc/s are in go 
agreement, and (taking account of the temperature coefficie 
of permittivity de/edt = — 25 x 10~* per deg cc) they are 
good agreement too with Bechmann’s value of €; = 57:6 +0 
at 10 kc/s and 18-5° c. 

The values of loss tangent at 36 Gc/s in the two cases 
of interest: the value of tan 6) (i.e. with the field parallel ° 
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Abstract 


) 

\7hen measuring the electric breakdown strength of cover 
jlass immersed in deionized water, time lags to breakdown 
ere observed. The mean statistical time lag was 
yjl2 + 1) ws. The breakdown strength between spherical 
ylectrodes was found to be (11-4 + 1) x 10° v/cm. 


Saf 


1. Introduction 


N recent years some interest has been taken in the study 
‘i of time lags in the electrical breakdown of solid dielectrics. 
@ Whitehead (1951), in a review of the information, sug- 
‘iasted them to be less than 10~7 second. Some of the work 
one by Kawamura and associates (1954) on potassium 
aloride crystals and glass, and Konorova (1957) on mica 
nd glass, is in agreement with this view. The work of 
finuishi et al. (1952) and Cooper and Grossart (1956) on 
wotassium chloride crystals, and also of Kawamura ef al. 
41954) on mica, suggests rather longer time lags (10~> second). 
‘his discrepancy led the authors to investigate this effect in 
ye breakdown of thin specimens of cover glass of known 
omposition. The specimen thickness was about 0:01 cm 
a all cases. 

In order to overcome the effects of spurious external 
jischarges in the breakdown experiments, several investi- 
ators have used either specimens with ground recesses or 
pecimens in the form of bulbs blown on the end of glass 
abes. In the latter case internal and external liquid electrodes 
vere used, whilst recessed specimens have had pressure con- 
act electrodes with dielectric guard rings. To avoid these 
jelatively difficult preparations it was decided to make 
qeasurements on microscope cover glasses, immersed in a 
nedium with high dielectric constant and resistivity. After 
wreliminary tests with a variety of media, deionized water 
vas finally chosen. The requirements of suitable dielectric 
mmersion media have been fully discussed by Standring 
1941). The specimens were first examined for any defects 
nd then measured for uniformity of thickness. Only those 
vithin +0-00025cm of a given thickness were accepted. 
Chey were then immersed in trichlorethylene for one minute, 
ylaced in acetone for one minute, and finally washed with 
listilled water and dried in a desiccator. 


2. Experimental method 


' The measurements were made using a_ glass cell 
iS5cem x 13cm X 18cm, fitted with two adjustable 1 cm 
liameter bronze spherical electrodes. This apparatus was 
carefully cleaned between tests. The glass specimens were 
jlaced between the electrodes, and the spheres were adjusted 
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until there was sufficient pressure to hold the specimens in 
place. The cell was then filled with deionized water. 

The method of measurement consisted of applying to each 
specimen a series of 0-1/1500 us pulses until breakdown 
occurred. The amplitude of each successive impulse exceeded 
that of the previous one by about 3%. A capacitive potential 
divider enabled the waveform to be displayed and photo- 
graphed on a calibrated cathode-ray oscilloscope. The 
voltages were constant, within 1%, for 35 ws from the peak 
of the impulse. This time is considerably longer than the 
time lags observed in the breakdown measurements for most 
of the specimens. All the measurements were made at room 
temperature. 


3. Results 


The experiments with immersion media of dielectric 
constant of 35 or less gave breakdown paths, through the 
glass specimens, at some distance away from the axis of the 
electrode system. 

When water was used as the immersion medium many of 
the glass specimens shattered on breakdown, but those that 
remained intact were carefully examined. As far as could 
be determined by visual examination of the specimens and 
of the electrodes the breakdown path was always on the axis 
of the electrodes. 

The observed distribution of time lags, for 97 specimens, 


0 


=k) 


0 4 8 I2 16 20 


t (us) 
Distribution of time lags in the breakdown of glass immersed 


in deionized water (97 specimens at room temperature). 


is shown in the Figure. This distribution can be represented 
by the equation 


n = No exp (—?/7) 
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where n is the number of specimens breaking down with time 
lags exceeding f us; No is the total number of specimens tested ; 
+ is the mean statistical time lag. The mean statistical time 
lag of the distribution shown in the Figure was found to be 
(12 + 1) ps. 

The apparent electric strength of the cover glasses under 
the described experimental conditions was (11-4 + 1) x 10° 
v/cm. 


4. Discussion 


The position of the breakdown paths when the specimens 
were immersed in deionized water and the high value of the 
electric breakdown strength obtained, strongly suggests that 
the measured breakdown strength is characteristic of the 
specimen itself. The use of media with dielectric constants 
exceeding that of water may enable the validity of the experi- 
mental procedure for measuring the intrinsic strength of 
glass, as discussed above, to be established. Some organic 
compounds with dielectric constants of 130 or more are 
available and may prove suitable for use as immersion media. 

The present investigation shows that the practice, often 
used in measuring intrinsic electric breakdown strength of 
glass, of applying a single linearly rising voltage pulse of a 
few microseconds duration may yield values that are 
appreciably higher than the true value, because of the possible 
overshoot of the voltage caused by the relatively long time 
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lags. For example, Keller (1951) and Vermeer (1)| 
obtained results with glass that showed higher electric bri| 
down strengths with faster rising voltage waveforms. 
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f an X-ray diffractometer 


Abstract 


“\simple method of determining the specimen-surface dis- 
_\tcement of an x-ray diffractometer is described. The 
“sition of the specimen surface is compared with the 
sition of a glass slide of known specimen-surface dis- 
\cement by means of a travelling microscope. The 
placement of a specimen is found to 0:006 mm which 
responds to a maximum angular error of 0:004° in 20 
isp" the Philips diffractometer used, radius 17 cm. The 
placement is shown to be critically dependent on the 
\thod of locking the specimen holder. This is overcome 
| performing the various steps of the locking procedure 
,|@ certain fixed order. The effect of movement of the 
ecimen holder shaft on the displacement is discussed. 


Introduction 


-N diffraction patterns obtained with an x-ray diffracto- 
' meter, the positions of both the peaks and the centroids 
_of the diffraction maxima are displaced from their true 
sitions by various instrumental and diffraction effects. 
ost of these effects can be corrected for, both theoretically 
d practically. The major trouble, from an experimental 
int of view, is caused by the displacement of the centre 
the surface of the specimen from the axis of rotation of 
2 diffractometer (S-S displacement). The magnitude of 
2 effect has been given by Wilson (1950). 

The effect has been dealt with in a number of ways, the 
dst common of which is the use of a calibrating substance 
yr example, Swanson, Gilfrich and Cook 1957). In the 
termination of lattice parameters extrapolation against 
s?@ to 8 = 90°, where the effect disappears, has been 
ed by Coyle and Garrod, while another approach is due 
-Tournarie (both methods have been briefly described by 
irrish 1960). None of these methods is completely satis- 
ctory for the precise determination of lattice parameters 
‘means of centroids. 

The S-S displacement error is caused by a combination 
two factors. The first is that the axis of rotation of the 
ffractometer is not necessarily either coincident with the 
wnking surface against which the specimen mount is held, 
parallel to it. Secondly, the surface of the specimen may 
»t be in the plane of the top surface of the specimen mount. 
A method is required, therefore, for determining both the 
ype of the surface relative to the axis of rotation, and the 
S displacement of the specimen. In the method which 
is been devised, the position of the surface of the specimen 
compared with the position of a glass slide, the S-S dis- 
acement of which has been accurately measured. This 
iables the appropriate correction to be made to the position 
“each peak or centroid. 


Principle of method 
The method used is in essence extremely simple and 
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requires little in the way of apparatus; a travelling micro- 
scope, fitted with an objective lens of short focal length 
(one of 4mm was used for the work described) is all that is 
necessary. 

A thin glass rod is mounted on the banking surface with 
its long axis along the axis of the diffractometer (Fig. 1). 
The position of the rod is adjusted until, on turning the 
specimen holder through 180°, there is no movement of an 
easily viewed and identified point on the rod. This means, 
of course, that the axis of the diffractometer, which is hori- 
zontal in the instrument used (Fig. 1), passes through the 
point in question. 

A travelling microscope fitted with the objective lens of 
short focal length is mounted above the rod in such a way 
that it can be used to measure distances in the vertical 
direction. The microscope is then focused on the point on 
the rod which remained stationary on rotation. 

The glass rod is removed from the banking surface of the 
specimen holder and a glass slide put in its place; the specimen 
holder is adjusted so that the plane of the glass slide is 
horizontal. The microscope is then focused onthe top 
surface of the glass slide, and hence the perpendicular distance 
between the diffractometer axis and the top surface of the 
glass slide at a particular point on the diffractometer axis is 
found. This is the S—S displacement of the glass slide at 
this point. The particular point on the diffractometer axis 
to which this measurement refers is defined by the distance 
between the point on the glass rod which remained stationary 
on rotation and the point B of Fig. 1, which is the front 
edge of the banking surface. The above procedure is repeated 
at various distances from B. 

The S-S displacement of a specimen in general varies with 
distance from B, and hence a mean value has to be taken. 
Provided that the variation is linear, as it has been found to 
be, this mean value is the S-S displacement of the centre of 
the irradiated area of the specimen. (In the diffractometer 
used this point is 0-60 cm from B.) The S—S displacement 
of the glass slide at this point can readily be determined and 
this enables the mean S-S displacement of a specimen to be 
found as follows. 

The glass slide is mounted horizontally in the specimen 
holder and the travelling microscope, mounted as before, is 
focused on the point on the top surface of the glass slide, 
which is 0:-60cm from B. The slide is then removed, a 
specimen mount containing a specimen put in its place, and 
the perpendicular distance between the point on the glass 
slide and the specimen can be found. The S—S displacement 
of the specimen at the point which is the centre of the 
irradiated part of the specimen can then be calculated. 


Practical details of procedure 


The thin glass rod, which is about 0:01 mm in diameter 
(A in Fig. 1), is mounted by means of ‘Plasticine’ on the 
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banking surface of the specimen holder, with its axis approxi- 
mately parallel to the axis of rotation of the diffractometer. 
The specimen holder is unlocked from the gears to enable it 
to be rotated freely through 360°. 

The rod is then viewed end-on by means of the microscope 


Fig. 1. The specimen holder viewed (a) perpendicular to the 
diffractometer axis and (4) along the axis. 


A, thin glass rod; B, front edge of the banking surface; 
1, 2, Allen screws. 


fitted with the 4mm objective lens, and with the specimen 
holder in the position shown in Fig. 1. The easily viewed 
point on the rod to be used is on the top surface of the end 
of the rod, when the specimen holder is in its original position. 
The position of the glass rod is adjusted by pressing the 
‘Plasticine’ until there is no visible movement of this point 
on turning the specimen through 180°. The knack of doing 
this is easily acquired after three or four attempts. 

The specimen holder is then locked with the plane of the 
banking surface approximately horizontal, as in Fig. 1, and 
the end of the glass rod observed from above with the 
travelling microscope fitted with the same objective lens as 
before. The microscope is focused on the top surface of the 
end of the rod and the position noted by means of a large 
divided circular scale, which is attached to the micrometer 
screw of the microscope, and which is later calibrated 
against a divided millimetre. The distance of the end of the 
rod from the edge B (Fig. 1) of the banking surface is then 
found and the rod removed. 

A glass slide is then placed in the specimen holder and 
the microscope refocused on its top surface and the S—S 
displacement of the slide calculated. This is repeated at 
various distances from the edge of the banking surface in 
order to determine the slope of the glass slide relative to the 
axis of the diffractometer and hence the S-S displacement 
at the point corresponding to the centre of the irradiated 
area of the specimen. Using this result the mean S-S dis- 
placement of a specimen can be determined as described 
above. 

The greatest experimental difficulty in this method is in 
locating the top surfaces of the slide and the rod when 
viewing from above. Several techniques for making these 
surfaces visible were tried, including grinding, etching and 
the use of a microcrystalline powder, but all were found to 
have disadvantages. It was eventually found that focusing 
on very small dust particles (<0-001 mm) is the best means 
of locating these surfaces. 

For the slide this procedure is not too critical, because the 
Slide is only being used as an intermediary and, provided 
the same sort of particles are used in both parts of the 
procedure, no appreciable error should result. For the glass 
rod, however, focusing on the top surface is quite critical. 
In this case the source of light used was adjusted to illuminate 
the top edge of the rod and the position of this compared 
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with the position of the top surface given by focusing o 
dust particles. In no case was a difference greater 
0-002 mm found, and the mean position was taken as 
of the top surface of the rod. 

It is important that the microscope should be focuse 
the slide surface at the same point in the field of vie} 
was the end of the rod, as the plane of the slide may nq 
perpendicular to the axis of the microscope. The fiel 
view of the microscope is about 0-5 mm in diameter, a 
mis-setting of 1° can produce an error of 0-01 mm. 

The time taken to calibrate a slide is a matter of he 
For example, the results for each straight line of Fig. 2 1 
about 3 hours to obtain. Once these results have j 
obtained, however, the S-S displacement of a specimen 
be found in 5 minutes. | 


Accuracy 


The depth of focus of the optical system of the microsq 
is about 0-001 mm, and this produces an uncertainty inj 
comparison between the positions of the glass slide an 
rod of 0:002mm. This, coupled with the uncertainty 
0:002 mm involved in setting the glass rod, produce 
uncertainty in the S-S displacement of the glass slide at 
point of about 0-003 mm. 

The S-S displacement of the slide at the point correspc 
ing to the centre of a specimen is obtained from a num 
of readings, but the resultant increase in accuracy is coun 
balanced to some extent by the fact that, because of | 
construction of the diffractometer, it is impossible to ob 
measurements nearer than 0:3cm to the centre of 
specimen when using a normal microscope objective 1 
In order to overcome this difficulty a special objective 
with a barrel diameter of only 0-9 cm was purchased f 
J. Swift and Son. With this lens measurements can be ta 
right through the point corresponding to the centre 
specimen C (Fig. 2) and about 0-15cm beyond. 


S-S displacement (mm) 


Fig. 2. The variation of S-S displacement of a glass slide 
with distance from the edge of the banking surface, before 
curve I, and after, curve 2, moving the specimen holder shaft 


C corresponds to the centre of a diffractometer specimen. 


uncertainty in the S-S displacement of the slide at 1 
centre of the specimen is therefore estimated at 0-002 m 
which can produce an uncertainty in the S-S displaceme 
of the centre of a specimen of 0-003 mm. 

There are, however, several factors with regard to 1 
preparation of the specimen surface, and in particular w 
regard to the specimen being parallel to the slide, which ¢ 
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‘|roduce additional uncertainties. These are reduced to a 
tain extent by taking measurements of the difference in 
» positions of the slide and the surface at varying distances 
»,,m_the holder. The uncertainty in the S-S displacement 
‘ the centre of the specimen will still be increased, but is 
{likely to be greater than 0-006 mm. This corresponds to 
,|Mmaximum error of 0-004° in 26 with a diffractometer 
, {lus of 17 cm. 


i Instrumental limitations 


). {Lhe most important result obtained by the above method 
probably the knowledge of the limitations of the diffracto- 
‘ter, as far as the S-S displacement is concerned, rather 
in the measurement of the effect. 

In the Philips diffractometer type P.W. 1050/30 used in 
s work, the specimen holder has to be unlocked from the 
' 1 gears in order to measure the S-S displacement and then 


‘ltked again before any x-ray diffraction work is undertaken. 


| 


jwas found that under normal circumstances a very large 
jift of the specimen surface could be produced on relocking 
‘ys specimen holder. The largest such movement observed 
is approximately 0:07 mm, and the average was about 
05 mm. 
‘At first it was thought that the only approach would be to 
lijsume that the movement was about the axis and measure 
2 magnitude of the shift, but further investigation of the 
i2king mechanism led to a method of eliminating this effect. 
The specimen holder shaft is locked to the 2: 1 gears by 
sans of a clamp. This clamp is tightened on to the shaft 
-an Allen screw (1), Fig. 1, and to a locating pin by a 
cond screw (2). ‘The whole system is held firmly by a 
Jaft which screws in from the rear. In order to allow the 
ikecimen holder to be rotated through 180° this shaft has 
tt be removed and screw | unlocked, together with the two 
rews which control the fine and coarse adjustment of the 
:1 ratio. Locking and unlocking this system in any 
der always produced a shift of the specimen surface. 

It was then found that if screw 2 were unlocked, it was 
yssible in certain circumstances to lock the specimen shaft 
ithout any movement of the specimen surface. The pro- 
dure adopted was first to lock the screws controlling the 
: 1 ratio in any order, then lock screw 1, next screw 2 and 
fnally to replace the shaft. It was found quite essential that 
ie last three be done in the order stated. The tightening 
* the shaft was the factor which was capable of producing 
ie greatest movement, and this was done with some care. 
‘It would not appear to be certain that the above procedure 
ould produce no movement of the specimen surface if 
sed on another diffractometer, even if the instrument were 
f the same design. It is advisable that the effect on the 
osition of the specimen surface of locking the various 
srews should be investigated for any other instrument, and 

satisfactory locking procedure found. For the present 
astrument, however, this procedure has been found to be 
otirely satisfactory. The locking procedure has been used 
1 the course of some fifty measurements and no appreciable 
10ovement noted. On occasions the surface was seen to 
10ve while screw 1 was being tightened, but it invariably 
sturned to its original position when the operation was 
omplete. 

A second and equally important instrumental limitation 
oncerns the specimen-holder shaft. It has been found that 
‘the shaft is taken out and replaced, or even moved forward 
nd replaced, the position of the glass slide with relation to 
ie axis and its inclination to it can be changed. 


7 
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As a typical example, Fig. 2 shows the change obtained 
on moving the shaft out and replacing it. This effect is 
obviously not important as long as the holder is not moved. 
If it has to be moved, or is moved inadvertently, the cali- 
bration of the glass slide should be checked and if necessary 
the calibration repeated. 

These limitations must be kept in mind while determining 
the S-S displacement, but provided this is done the S—-S 
displacement of the centre of a specimen may be determined 
to the accuracy suggested above. This is shown by the close 
approximation of the experimental points to straight lines 
(Fig. 2). 

The specimen holder and the banking surface of the 
instrument were potential sources of error, as it is necessary 
that the S-S displacement of the glass slide should be repro- 
ducible on being replaced in the holder, and independent of 
any lateral motion of the slide while in the holder. In each 
of these respects the specimen holder was found to function 
extremely well, and no appreciable movement of the position 
of the glass surface or of a specimen surface has been observed 
on replacing them or on moving them laterally. 

The S-S displacement of the slide in one set of results 
(curve 1, Fig. 2) could perhaps be ignored for most work. 
In the whole course of this work, however, the maximum 
S-S displacement observed was 0:04 mm, which corresponds 
to a maximum error of 0:02° in 2@. Thus, while the shift 
in angle caused by the S-S displacement may in general be 
negligible, it can hardly be said to be so in any particular 
case unless it has actually been measured. 


Conclusion 


The S-S displacement of a specimen can be determined 
by this simple method to an accuracy of 0:006mm. While 
the mechanical limitations with regard to the S-S displace- 
ment of the diffractometer used would appear to be some- 
what severe, they can be overcome by taking certain simple 
precautions. 

The measurement of the S—S displacement entails a certain 
amount of care, and this is quite useless unless similar care 
is taken with the preparation of the specimen. The specimen 
surface needs to be flat to at least 0:005 mm to make this 
procedure worth while; it is just worth while in the case of a 
specimen sieved through 300 mesh, where the average particle 
size is about 0:004mm. Any variation in flatness of the 
specimen surface gives rise to variations in the S-S displace- 
ment and this leads to line broadening. The determination 
of the S—-S displacement corresponding to the ‘mean surface’ 
of such a specimen would appear to be a very difficult task. 
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Abstract 


‘he Institute of Physics and The Physical Society held a 
‘onference on nuclear physics in the buildings of the 
Departments of Physics and Mathematical Physics of the 
Jniversity of Birmingham on 17th, 18th and 19th April 
961. The subject-matter discussed covered a wide field 
f experimental and theoretical research. 


R. E. Peierls, The Institute of Physics and The Physical 

Society held a conference in the buildings of the 
Jepartments of Physics and Mathematical Physics of the 
Jniversity of Birmingham on 17th, 18th and 19th April 
(961. Regular meetings of this type in nuclear physics are 
in important part of the Institute and Society’s annual 
jyrogramme of conferences and they are usually arranged 
vith the interests of younger research workers in the subject 
very much in mind. The organizers of the Birmingham 
neeting felt that it was right that the subject-matter discussed 
should cover a wide field of both experimental and theoretical 
esearch so that students with many different interests should 
rear something of each other’s problems. Topics ranging 
rom the Mossbauer effect to the C.E.R.N. proton syn- 
vhrotron were consequently discussed before substantially 
jhe same audience. 
| For some years the Physical Society has customarily 
“>resented certain of its awards at Conferences. At the 
‘Birmingham meeting the President, Sir John Cockcroft, 
0.M., F.R.S., presented the Duddell Medal to J. B. Adams 
of C.E.R.N., Geneva, for his work on the design and con- 
struction of the proton synchrotron of that laboratory; he 
dresented the C.V. Boys Prize to A. W. Merrison of Liverpool 
|University for his work in high energy physics. In subsequent 
addresses they gave accounts of their work and its implica- 
tions: these talks will be published (Merrison in full in The 
“Proceedings of the Physical Society, and Adams, briefly in 
this journal), and will not be reported here. 
Y At the beginning of the meeting it was reported that the 
1320 delegates (including 90 from the University of Birming- 
ham) had submitted more contributions than could reason- 
ably be accommodated, and some were therefore presented 
only as printed abstracts. It was also necessary to include 
certain parallel sessions. With these measures it was found 
possible to allocate sufficient time to each contributor for 
him to present a satisfactory account of his work and to 
allow time for discussion of the more controversial points. 
iBach main session opened with a review paper and the 
succeeding short contributions were chosen, as far as possible, 
ito illustrate points made in the review. 
' The first day of the conference was devoted mainly to the 
Mossbauer effect. W. Marshall (A.E.R.E.) reviewed the 
applications of recoilless emission of y-radiation in solid 
state physics, referring in particular to the determination of 
‘the magnitude and direction of the internal magnetic fields 
in solid structures. The nuclear Zeeman effect in >’Fe and 
119§n has been used for this purpose. Present theory is 
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unable to provide satisfactory estimates of the various 
contributions to these fields. It is helpful in this situation 
to supplement information obtained by the Mossbauer effect 
by nuclear magnetic resonance experiments on the effect of 
impurity atoms on the neighbouring nuclei of the host lattice. 
The Mossbauer lines also show a chemical shift (due to the 
electron density within the nucleus being dependent on the 
state of chemical combination) and a nuclear quadrupole 
shift. The speaker pointed out that in comparison with 
magnetic experiments, relatively little work had been done 
on the phonon spectrum of the lattice, but that it would be 
interesting to attempt observation of processes involving one 
or more phonons, in contrast with the zero-phonon Mo6ss- 
bauer transition. Short contributions on this topic included 
an account by A. J. F. Boyle (Manchester) of the nuclear 
Zeeman effect in !!9Sn and !®!Dy. H. E. Hall (Manchester) 
discussed the application of the Debye-Waller theory to 
resonant scattering and P. B. Moon (Birmingham) presented 
a theory of the interference between resonant and Rayleigh 
scattering of the Méssbauer line in >7Fe. P. J. Black 
(Birmingham) described experimental evidence supporting 
this theory. 

On the second day the first main subject was ‘Low energy 
interactions’ which was interpreted broadly to mean experi- 
ments and theories on nuclear structure. G. E. Brown 
(NORDITA) spoke on ‘Vibrational states of nuclei’. He showed 
how, by a fusion of the ideas of the shell model and the 
collective model, the odd parity vibrational states could be 
considered to arise from interactions between a particle 
raised out of aclosed shell and the resulting ‘hole’. A large 
number of states are thus predicted, but the dipole states 
with isotopic spin 1, which are observed in giant resonance 
experiments with y-radiation, are raised in energy by 
particle-hole repulsion. This accounts reasonably for the 
observed location of these states at about 20 Mev in the 
energy spectrum. The same sort of fusion of independent 
particle motion with collective motion was shown by E. B. 
Paul (A.E.R.E.) to give an excellent account of the low-lying 
energy levels of d-shell nuclei. The basic states are those 
described by Nilsson, in which a nucleon moves in a spatially 
non-uniform potential produced by a deformed nuclear core; 
rotational bands of levels are built upon these states. 

A first group of shorter contributions to the topic of low 
energy interactions showed how nuclear states, including 
those of rotational bands, could be investigated with 150 Mev 
protons from a synchrocyclotron. The basic shell model 
states for both protons and neutrons can also be exhibited 
by studies of the (p,2p) and (p,n) reactions at the same 
energy. In the case of the (p, 2p) reaction, an angular cor- 
relation measurement selects a particular momentum interval 
for the struck proton in the target nucleus and the distri- 
bution of these momenta can be correlated with the shell 
structure. The highly excited dipole states can be accurately 
examined through the (p, y) reaction produced by protons 
from a tandem electrostatic generator; results for T(p, y)*He, 
ISN(p, y)O!® and 3!P(p, y)*?S were reported. 
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Another group of papers dealt more with interactions than 
with nuclear states and showed how the angular and 
statistical accuracy of measurements of polarization in 
scattering processes had increased. Measurements of elastic 
and inelastic scattering of 10 Mev protons were reported and 
work on the small-angle scattering of neutrons of energy 
18-120 mev was also described. Several papers were devoted 
to the deuteron stripping reaction and served mainly to show 
how excellent a first approximation in many cases is the 
Butler theory of this process. Full correction for Coulomb 
and nuclear distortion effects does not necessarily produce 
better agreement with experiment and partial correction may 
easily make matters worse. The (d,n) stripping reaction 
usually employs the time-of-flight technique for definition of 
neutron energy and studies of the 4°Ca(d,n) and !°B(d, n) 
reactions were reported. It is now becoming possible to 
make detailed predictions of cross sections under certain 
assumptions and it was shown how (a) low energy deuteron 
elastic scattering and (b) elastic and inelastic neutron scatter- 
ing from °Li could be predicted from an optical model. 
From a survey of these contributions it is clear that 
accelerators such as the tandem Van de Graaff (~12 Mev), 
the proton linear accelerator (~50 Mey) and the synchro- 
cyclotron (~150 Mev) each have much to offer the nuclear 
spectroscopist. 

Towards the end of the second day a review paper on 
‘Collisions between nucleons at energies Jess than 1 Gev’ was 
given by B. Rose (A.E.R.E.). He surveyed existing experi- 
ments and listed those still needed to obtain a complete 
description of the scattering matrix. The possibility of 
using polarized beams and polarized targets to simplify the 
determination of scattering parameters was also discussed. 
Experimental and theoretical effort in this field was illus- 
trated by short papers from Birmingham on the isotopic 
spin dependence of nucleon-nucleon scattering amplitudes 
(600-1000 Mev) and from Liverpool on the neutron—proton 
scattering at about 180° in the centre-of-mass system. The 
high accuracy of the latter measurements was shown by 
Castillejo and Peierls (Birmingham) to permit a determination 
of the contribution made to the scattering by the charged 
pion pole. Good agreement was found with the estimate 
based on z-nucleon scattering. Reports were also given on 
the angular distribution of polarization effects in free 
neutron—proton scattering, on the spin-orbit forces between 
protons, and on optical model calculations of proton—proton 
and pion—proton elastic scattering. The higher energy 
region of interaction now made accessible by the operation 
of the C.E.R.N. proton synchrotron was illustrated by 
accounts of the production of hyperons in 7~—p collisions 
(C.E.R.N.) and of the analysis of a -p collisions at a 
momentum of 16cGev/c (Birmingham-Imperial College— 
Oxford collaboration). The results of the latter experiment 
show qualitative agreement with the idea of an interaction 
with a ‘peripheral’ meson associated with the target proton. 
R. Mermod (C.E.R.N.) presented results on the total cross 
section for the interaction of protons, antiprotons and 
K mesons with protons, for the momentum range 4 to 15 Gev/c. 
The difference between the proton and antiproton cross 
sections is found to decrease over this interval, while the 
proton cross section itself stays constant. 

On the last day of the Conference there were parallel 
sessions on instrumentation and machines, and on theoretical 
methods. In the former, G. H. Stafford (National Institute 
for Research in Nuclear Science) described the proton linear 
accelerator now operating at the Rutherford Laboratory at 
a mean energy of 30-1 Mev. A source of polarized protons 
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has been installed and a current of 5 X 10’ protons per : 
with P = 0-31 has been obtained at a full energy. T 
future of such accelerators was surveyed and it was point 
out that by the use of a superconducting tank liner, 

enormous reduction in r.f. power losses could be achievs 
and that a machine with a current of 1 ma of protons a 
100% duty cycle could be envisaged. For 50 Mev the c 
of refrigeration would be about £80000. W. B. Pow 
(Birmingham) reported progress on the 40-inch radial rid 
three-sector cyclotron and presented a design study for a hi 
performance 60 Mev proton cyclotron which might compe 
favourably with the superconducting accelerator. High 1 
voltages on a three-sector dee and a large magnet gap 2 
planned in this machine. Other machine developmen 
including ion storage in a synchrocyclotron (Harwell), a 
deuteron acceleration in a proton synchrotron (Birminghar 
were reported. | 

The papers on smaller instruments included a descripti 
of the use of a 6 mm cube of silicon doped with phosphor 
to form a diffused junction counter as a detector for 30 Mm 
protons. The surface barrier type of counter, furnished w: 
a hydrogenous layer, has been used as neutron spectrome: 
for energies up to 7Mev. High pressure *He ionizati 
chambers and a liquid helium scintillation counter, and thi 
applications, were also described. The use of boron-load 
phosphors in neutron flux measurements was discuss 
Progress in the visual techniques was represented by a pap 
from Glasgow on a propane bubble chamber for the stu 
of photoprocesses, in which a y-ray beam traverses 
chamber within a thin-walled tube containing the tar 
and a paper from Birmingham on the automatic measu. 
ment of bubble chamber tracks. The construction and 
at Glasgow of triggered spark chambers containing He, 
and Ar was also described. | 

The theoretical sessions dealt mainly with collect 
excitations of nuclei and with pairing forces, nuclear reacti 
and elementary particle processes. D. J. Thouless ( 
mingham) showed how the time-dependent Hartree—F 
approximation has been used as the basis of a new approx 
to the problem of nuclear rotational states. The result 
expression for the nuclear moment of inertia is similar 
the ‘cranking model’ result but contains correction ter 
which express the fact that the forces are really interacti 
between pairs of particles. These terms correspond 
a selective summation of diagrams in perturbation theo 
The method has been applied to *8Si (Husain, Bir 
ham) using a non-singular saturating nuclear force 
harmonic oscillator wave functions; the calculated va 
of the moment of inertia is close to the experime 
result. 

The relative importance of pairing forces and spin—-o 
forces in the calculation of nuclear energy levels 
examined (Umezawa, Strasbourg) and it was found that 
nuclei for which LS coupling is good, the singlet pair 
force dominates. In papers on nuclear reactions it 
shown how the cross section for the ?Be(*He, t)°B reacti 
could be reduced to that for n(He, t)p. There was alsc 
description of the elimination of ambiguities in the But 
analysis of stripping reactions by the use of the distort! 
wave Born approximation. The polarization of protc 
elastically scattered by 7Li near the 441 kev resonance 
shown to determine the sign of the contributions of the ty 
possible channel spins to the reaction cross section. Fin. 

a discussion of inelastic processes in elementary parti! 
iscelee at high energies (Selleri, C.E.R.N.) showed tk 
a remarkably good description could be obtained in terms | 
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i he exchange of a single virtual particle. This ‘peripheral’ 
,,nodel has already been invoked successfully in the analysis 
. pf high energy experiments. 


Delegates to the Conference were able to visit the Jabora- 
-Jories of the Department of Physics informally throughout 
‘he meeting and slightly more formally on the second even- 
y,ng, when an ‘At Home’ with light refreshments was held. 
j;ome members were able to visit the Royal Shakespeare 
b heatre at Stratford on the same evening for a performance 
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University of Glasgow. 
A bubble chamber for y-ray experiments 
J. M. Scarr, I. S. Hughes and R. Jennings, University 
of Glasgow. 
The application of a helium-3 ionization chamber to the 
study of neutron spectra from (p, n) reactions 
J. M. Freeman and D. West, Atomic Energy Research 
Establishment. 
A liquid helium scintillation counter 
A. M. Segar, H. L. Anderson, E. P. Hincks, C. Rey 
and C. S. Johnson, University of Chicago. 
The characteristics of a small neutron detector 
J. B. C. Brown and S. A. Scott, University of 
Birmingham. 
The radial ridge cyclotron with injection of polarized 
deuterons 
W. B. Powell, A. J. Cox, T. W. Eaton, E. S. Finlay, 
D. E. Kidd, B. L. Reece and P. J. Waterton, Univer- 
sity of Birmingham. 
The Birmingham synchrotron: a new radio-frequency 
system and the acceleration of deuterons 
P. D. Whitaker and H. R. Shaylor, University of 
Birmingham. 
On increasing the beam intensity of existing synchro- 
cyclotrons 
F. M. Russell, N.ILR.N.S. 
Proposal for a cyclotron to give 60 Mev protons at high 
intensities 
W. B. Powell, P. J. Waterton, University of Birming- 
ham. 
On the nuclear moments of inertia 
D. Husain, University of Birmingham. 
Translation modes of self-bound systems 
D. E. McCumber, University of Copenhagen and 
C. E. Brown, Nordita. 
Competition between pairing forces and the spin orbit 
force in nuclei 
M. Umezawa, Strasbourg. 
A study of the charge exchange Be?(He?, t)B° 
J. E. Young, University of Copenhagen and P. R. 
Stein, Los Alamos. 


. Removal of I-value assignment ambiguities in the analysis 


of (d, p) stripping angular distributions 
H. D. Scott, University of Liverpool. 
The inelastic scattering of alpha-particles by the nuclear 
surface interaction 
G. Mandel, University of Oxford. 


56. 


56. 


Polarization of protons elastically scattered by Li’ ne 
the 441 kev resonance 
J. R. Rook, University of Manchester. 
Peripheral model for inelastic processes 
E. Ferrari and F. Selleri, C.E.R.N. 
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. The levels of B!! from the Li’(«,y)B!! reaction 
. Decay modes of the first six excited states of Mg?4 


. Resonances in the K?%(p, y)Ca*® reaction from 1-0 


. Two-quantum decay in Zr? 


. Distribution of partial radiation widths 


. Inelastic scattering of 150 Mev protons from 7Li and !! 
= he 
. An analysis of the C!?(p, 2p)B!! reaction at 153 Mev 


. Inelastic scattering of fast protons 


. Operation of the 9-inch bubble chamber with Soa 


. Total cross sections for p, p and K+ on hydrogen betwe: 


of lack of time) 


Fine structure of j-mesic x-rays | 
A. M. Segar, H. L. Anderson, E. P. Hincks, C. 
Johnson, University of Chicago. 


_ The neutron cross section of thorium between 300. 


and 30 kev 
C. A. Uttley and R. H. Jones, Atomic Energy Reseat 
Establishment. 


. The D(d, p)T cross section from 4 to 15 kev 


C. C. Goodyear, University of Oxford. 


. Evidence for a stripping mechanism in lithium induc 


nuclear reactions 
G. C. Morrison, University of Chicago. 


. Photonuclear cross section in molybdenum 


K. H. Lokan, Atomic Energy Research Establishmes 


G. A. Stephens, L. L. Green, J. C. Willmott, Universi 
of Liverpool. 


J. A. ‘Cookson, “Ase Vv] ‘Cohen 
Research Establishment. 


Atomic Weapo 


2:1 Mev 
R. A. Pope, D. V. Freck and W. W. Evans, A.E. 
Aldermaston. 


R. J. Ellison and B. Dickinson, University of M 
chester. 


J. R. Bird, Atomic Energy Research Establishment. 


A. B. Clegg, G. L. Salmon, D. Newton, K. J. Fole 
P. S. Fisher and D. J. Rowe, University of Oxfor 
2C(p, 2p)'B, “Cp, pn)4C and C@, ap) 
reactions induced by nucleons of 120-150 Mev | 
G. L. Salmon, S. M. Austin, D. J. Rowe, A. B. Cle; 
and D. Newton, University of Oxford. 


J. Nuttall and K. F. Riley, University of Cambridge: 
E. A. Sanderson, University of Birmingham. 


W. P. Dodd, G. A. Doran, J. B. Kinson, L. Riddifo 
and B. Tallini, University of Birmingham. 


4 and 15 Gev/c 
G. von Dardel, R. Mermod, P. A. Piroué, M. vere 
G. Weber and K. Winter, C.E.R.N. 
Emission of Li® from highly excited nuclei | 
S. A. Durrani, University of Oxford. 
The effect of hard core and three-body forces in t 
A-nucleon interactions 
Mrs. L. F. Abou-Hadid, University College, Londor 
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af Abstract 


he Spring Conference of the X-ray Analysis Group of The 
institute of Physics and The Physical Society was held in 
|he Chemistry Department of Glasgow University, on 
ith and 7th April 1961. Dr. C. W. Bunn, Chairman of 
\\Ae Group, presided at the first and third sessions, whilst 
?rofessor J. M. Robertson, F.R.S., was in the chair during 
ayhe second session. The Evening Discourse on 6th April 
vas given by Professor R. V. Jones (Aberdeen University), 
vho discussed some aspects of the direction of the national 
‘cientific effort in connection with the war of 1939-45 
sender the title ‘Philosophers and Kings’. 


of Structures of Organic Compounds’, but this phrase 
had been interpreted broadly, and the seventeen papers 
sjpresented covered a range of topics, not always closely 
elated. This summarizing report therefore covers the pro- 
‘eedings in an arrangement suggested by subject matter, 
father than dealing with each paper and its subsequent dis- 
ussion in chronological order. 

In principle we should be able to predict all the details of 
1 crystal structure, and particularly the manner of molecular 
tacking, if we had an adequate knowledge of the relevant 
nteratomic and intermolecular forces. Infact our knowledge 
s far from adequate, and Dr. S. C. Nyburg (University 
jt-ollege of North Staffordshire), in a paper entitled ‘Structure 
ind lattice energy of molecular crystals’, sketched a simplified 
ipproach to this difficult problem. He stressed the desir- 
, vbility of considering the structure at low temperatures, since 
iolymorphic changes may supervene, with the result that the 
j;oom-temperature structure may differ from that predicted 
‘or minimum free energy. Intermolecular forces were 
ilassessed by a Lennard-Jones spherical-atom formula for 
xach atom; from this, for a number of diatomic (or quasi- 
alt he molecules such as Hy, Cl,, Bry, I,, Nz, Or, CO, and 


T= subject proposed for the Conference was ‘The 


©,H>, he attempted to determine the mode of packing that 
would minimize the free energy. He was thus able to explain 
,pertain features of the known crystal structures, notably the 
rut orientation of the molecular axes. There were indi- 
cations that the molecular quadrupole moment may some- 
j:imes exert a decisive influence on the structure. In discussion 
Pr. D. R. Holmes mentioned some calculations by Mr. I. 

Barrie, who had been able to account for the molecular tilt 
|.n the orthorhombic modification of long-chain hydrocarbons. 
‘| ‘Imferron’ is a medicinal material made by producing ferric 
jaydroxide in presence of dextran. Because of the protective 
action of the latter, the effective solubility of the hydroxide 
becomes very high. In a paper, ‘x-ray diffraction by an 
iron-dextran complex’, Dr. J. Iball (with Mr. C. H. Morgan, 
Queen’s College, Dundee) described studies of this material 
both as fibres drawn from the highly viscous liquid and as 
‘powder’ from the dried fluid. The diffraction pattern 
showed several rather well-defined lines, the most prominent 
corresponding to a spacing of 2-56 A. These lines agreed 
with some of those observed in the diagram for colloidal 
ferric hydroxide and it seemed likely that the complex consists 
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of micelles embodying well-orientated crystallites with 
dimensions of the order of 100 A. 

Dr. D. Lawton (Glasgow University) reported ‘Studies of 
some inclusion compounds’ of tri-o-thymotide (TOT). 
Those described hitherto have belonged to two general types: 
(a) cavity structures, in which the TOT crystallizes trigonally 
so as to leave cages which entrap molecules up to 9-5 A in 
length, and (6) channel structures, which may be trigonal or 
hexagonal, capable of accommodating longer molecules. 
Dr. Lawton described a number of compounds which do not 
fit into the above classification, notably one formed with 
trimethylene dibromide which crystallizes in the orthorhombic 
system and is yet another example of spontaneous resolution, 
and one formed with carbon tetrabromide which differs from 
that enclosing the slightly smaller molecule of carbon tetra- 
chloride. The included molecules may not always conform 
to the space group adopted by the TOT structure. In the 
study and analysis of these adducts, an accurate determination 
of the density is valuable, and a gradient-tube is being used 
for this purpose. 

Large molecules of proteins and viruses may comprise a 
number of sub-units which are identical or nearly so, but 
differently orientated. The Patterson function of the parent 
crystal will then include a superposition of the Patterson 
functions of the sub-units in different orientations. Dr. 
M. G. Rossmann (with Dr. D. M. Blow, MRC Unit for 
Molecular Biology, Cambridge), in a paper on ‘The relative 
orientation of sub-units in protein molecules’, examined some 
of the consequences of this principle, and showed that it 
might lead to a solution of the phase problem, provided the 
Patterson function could be satisfactorily resolved into its 
components. As a first step in this scheme, Dr. Rossmann 
had written an EDSAC programme which took the observed 
three-dimensional Patterson function and superposed it upon 
itself in relative orientations that could be systematically 
varied, and then evaluated a function designed to measure the 
goodness of fit at each orientation. Positions at which this 
function is a maximum should correspond to the relative 
orientations of the sub-units in real space. This programme 
had been tested on the experimental results for haemoglobin, 
and it satisfactorily verified the known relative orientation of 
the two halves of the protein molecule. 

Dr. B. Stevens (Sheffield University) read a short paper 
on ‘Fluorescent spectra and crystal structure of aromatic 
hydrocarbons’. In solution the spectrum of pyrene changes 
character as the concentration rises: the ordinary structured 
band diminishes, whilst a structureless band at a different 
frequency becomes dominant, this latter band being attribu- 
table to a dimeric molecule formed by union of a normal 
and an excited monomeric molecule. This same band 
appears in the fluorescent spectrum of solid pyrene, which is 
known to have an unusual type of crystal structure (Fig. 1, B) 
with pairs of parallel molecules instead of the one (A) adopted 
in most aromatic hydrocarbons (e.g. anthracene), which give 
the normal type of spectrum. Perylene also crystallizes with 
a type B structure, and gives the anomalous spectrum, and 
this correlation appears to be general. In discussion with 
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Dr, M. R. Truter, Dr. Stevens made the point that this 
dimerization depends on one molecule’s being excited, so that 
it could not be detected by ordinary methods for measuring 


molecular weight. 
EF EL 


EP ee 
> SS 
ea ZB ae CL 
. eA eee 
Fig. 1. Two types of packing of planar pra het molecules 


in crystals. 


Analysis of the crystal structure of a complex organic 
crystal proceeds by reiteration of a sequence of steps: Fourier 
synthesis, scanning of the electron density distribution to 
locate—and ultimately to identify—significant peaks, alloca- 
tion of new atomic coordinates and vibrational parameters, 
calculation of structure factors with phase angles, and use of 
the latter in a new Fourier synthesis. Ordinarily these steps 
are taken separately, results being printed out and considered 
at each stage. In a paper entitled ‘Automatic Fourier 
analysis of a complex organic crystal’, Dr. J.S. Rollett (with Mr. 
L. I. Hodgson, Oxford University) outlined a plan for carrying 
out the whole cycle automatically without necessarily inspect- 
ing the intermediate results. The large amount of storage 
space needed in the computer imposes severe restrictions on 
complete automatization. But this ‘progress report’ des- 
cribed successful analyses of histidine hydrochloride of 
aneurin phosphate, and—more significantly—of the partially 
unknown structure of a coordination compound with gross 
formula, PtlAs,BC7,s. In this last the positions of the heavier 
atoms only were known beforehand, yet the programme 
found and correctly identified the lighter atoms (other than 
H) and indicated the more specific formula, 


[PtI{As(CgH,AsPh,)3}]+ [BPh,]~ . 


Discussion, with Professor J. M. Robertson and Dr. O.S. Mills, 
concentrated on the problems which arise when initially 
incorrect phase-angles or incomplete and faulty intensity 
data cause the atomic peaks to be of poor shape, and hence 
ill-adapted for machine study. It appears that these diffi- 
culties are not insuperable, though the electron density count 
within a peak may, in the early stages of analysis, deviate 
widely from its theoretical value. 

The remaining papers dealt with specific structure analyses, 
and they will be summarized in order of increasing molecular 
complexity. Dr. R. W. H. Small (with Mr. B. Beagley and 
Mr. D. O. Hughes, Birmingham University) described an 
accurate analysis of the ‘Structure of 2—monofluoroaceta- 
mide’, CH,F.CONH,. Three-dimensional (proportional- 
counter) intensity data were the basis for a least-squares 
refinement, and the final bond lengths, after correction for the 
effects of torsional oscillation of the molecule, had a standard 
deviation of about 0-005 4. (In this hydrogen-bonded struc- 
ture the centre of libration was displaced by about 0:25 A 
from the molecular centre of mass.) C-C = 1-533, C-F = 
1-401, C-N = 1-319, C-O = 1-2564. The molecule, apart 
from the H-atoms which were located, is very nearly planar. 
Brief mention was also made of an accurate study of ammo- 
nium oxamate NH,4* (O,C.CONH>)~ in which the oxamate 
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| 
| 
ion is nearly planar, and the ammonium ion appears to 
‘anchored’ by hydrogen bonds so that it is static instead | 
having the usual ‘free rotation’. C-C = 1:556 + 0-003. 

Mr. G. Ferguson (with Dr. G. A. Sim, Glasgow Universit 
described ‘An x-ray study of steric effects in some substituts 
benzoic acids’. Benzoic acid itself has the carboxyl grot 
group very nearly coplanar with the benzene ring; but su 
stituents in the ortho-positions cause overcrowding, which 
minimized chiefly by the twisting of the carboxyl group 0 
of the ring-plane, and to a lesser extent by the deviation bo) 
of this group and of the substituent from their ideal positio} 
on two-fold axes of the benzene ring. In the o-chloro-ac 
the twist is 14°, whilst in the bromo-acid (I of Fig. 2) it ris 
to 18°. The twist is still greater, 23°, in the nitro-derivati? 
(1D, and it appears that the effect of the nitro-group | 
relayed, via the intervening H-atom, to the carboxyl-grou: 
In the molecule III, it is the nitro-group which is twiste 
(through more than 40°) more than the carboxyl (9°). | 
reply to a question by Dr. Small, Mr. Ferguson said that tl 
exo-cyclic C-C bond in o-chlorobenzoic acid came out 


1-521 + 0-009 A. 
0 ar H, 
~ Nao Nxo raeg) 
03 Cl Z 0 0 
Zz Z2™N Zo 
oon O° OH 0 OH 
I 0 Ml 


WV | 
H, CH, NH» | 
(CHs)2- Y(CHy)e ee Ze 
Or fol S | 
0 CHs SOs" }Na* | 
4 wu Ww | 
O 
00 4 H, 
H, fl = H2 
CL) - eee 
0 : ne 
J 
WW K 
Fig. 2. 


Miss L. Goaman (with Dr. D. F. Grant, University Colleg 
Cardiff) reported on ‘The crystal structures of 2,2,5,4 
tetramethyl—3,4-diketocyclopentane and 2,6-dibrom 
3,3,5,5-tetramethyl-cyclohexanone’, compounds whose mol 
cules might show effects due to overcrowding of the su 
stituents. The former ([V) molecule adopts strict m 
symmetry, so that only one parameter is needed to define t 
position of the molecule in the tetragonal cell. However, t 
crystals were difficult to handle, and the analysis was ne 
highly refined. The latter compound (V) had been taken 
an advanced state of refinement, though the analysis was nce 
yet complete. The six-membered ring adopts a distorte 
‘chair’ conformation. | 

Dr. J. Beintema (Shell Laboratories, Amsterdam) describe 
a two-dimensional analysis of ‘The crystal structure of 1,5 
dimethylnaphthalene’, a molecule (VI) which might sho> 
slight overcrowding. In fact no evidence of this was obtaine : 
The two (crystallographically non-equivalent) C-CH; dis 
tances were 1:49 and 1-524. The hydrogen atoms wer 
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“| Dr. C. J. Brown (with Dr. D. E. C. Corbridge, LC.1., 


_/evealed in difference syntheses, whence it was concluded that 


,|he methyl groups do not here have ‘free rotation’. 


Dyestuffs Division, Manchester) read a paper on ‘The crystal 
-jtructure of sodium naphthionate and the crystallography of 
jelated compounds’. After a survey of a large number of 


-/aphthionic acid salts, the tetrahydrated sodium naphthionate 


‘VID was selected for detailed analysis by three-dimensional 
{ iethods, and its structure has been highly refined. S-C = 
‘}-766, S-O(mean) = 1-45, and C-N = 1°41 A, whilst within 
‘ne naphthalenic residue the bond lengths were remarkably 
imilar to those in naphthalene itself. Each Na ion was 
‘yurrounded by six O atoms at the corners of fairly regular 
“Veathedra, these having one edge in common. Though not 


“somorphous, calcium naphthionate has a similar structure, 
‘bespite the fact that two Na ions have been replaced by a 


ee Ca ion. Possibly this ion occupies one octahedron, 


‘paving a vacant hole in the other. 


| In ‘The use of three-dimensional and optical transforms in 


‘plving the structure of 9,10-anthrahydroquinone dibenzoate’ 


y Dr. K. J. H. Mackay (with Dr. J. Iball, Queen’s College, 
Yundee), the interest lay mainly in the method used for 
olving the crystal structure. Since the substance crystallizes 
, |7ith only one molecule in the unit cell, the molecular Fourier 
cansform can be recognized in a relatively simple way in 
eciprocal space; and, since the molecule consists essentially 
f two parts (anthracene residue and benzoate groups), each 
lanar but inclined to one another, its transform consists of 
orrespondingly inclined ‘columns’ in reciprocal space. As 
vas demonstrated with a Perspex model, this pattern can be 
jentified in the weighted three-dimensional reciprocal lattice. 
‘he structure thus solved (VIII) was refined by least-squares 
aethods. 

In relation to this paper and several others, there was some 
iscussion of the weighting system to be used in least-squares 
efinement. Dr. D. W. J. Cruickshanks (Leeds University) 
tressed the fact that different weighting-systems could lead 
o significantly different bond lengths and to very different 
ssessments of their standard deviations. It was important 
o check the system, and two common ways of doing this 
vere not equivalent: (a) consideration of the consistency 
vetween independent experimental determinations of intensity, 
nd (b) study of the trends of wA? with intensity and with 
in 0, 

‘The crystal structure of 1,2,3,4,5,6,7,8-octahydroanthra- 
‘ene (IX)’ was first studied by Dr. H. Mendel (with Miss 
.. H. Toneman and Mrs. J. P. M. A. van Asselt, Shell 
«aboratories, Amsterdam) with Cu-radiation at room tem- 
care. Though the two-dimensional analysis was refined 
+o an impressive R value of 9%, some of the bond lengths 
jound were implausible. Therefore the intensities were 
jedetermined, using Mo-radiation at —100° c, and the more 
j;omplete data led to a much better analysis, though the R 
{values were higher (16°% for 200 hO/, and 19% for 150 AkO 
ieflections). In the reduced rings, which adopt a semi-‘chair’ 
conformation, the C-—C bonds were longer (1:50-1:52 A) 
/han in the benzenoid ring (~1-:42 A). The H atoms were 
jocated in difference projections. 
| The last four papers to be summarized dealt with more 
somplex molecules of biological importance. Dr. A. Vaciago 
‘ead a paper ‘On the determination and refinement of the 
srystal structures of the related antibiotic compounds, sodium 
sephalosporin C, 6-amino-penicillanic acid, and potassium 
oenzylpenicillin’, covering work done in collaboration with 
Dr. R. D. Diamand, Dr. E. N. Maslen, Dr. J. S. Rollett and 
Professor D. Hodgkin (Oxford University). The main effort 
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had been devoted to solving the structure of the first-named 
(see Fig. 3). The phase problem had to be approached by 
way of the S atom, though this atom is inadequately heavy 
for a structure of this size. Intense sharpening had to be 
applied to the Patterson function before S ...S vectors could 
be identified with certainty. Once this identification was 
secure, analysis proceeded by a combination of several 
different strategies, leading to the electron density synthesis 
shown in Fig. 3, with R = 26°4°% for some 1400 reflections. 


Fig, 3. 


Structure of cephalosporin C (sodium salt), including 
its absolute configuration, and an electron density map, made 
from sections through the three-dimensional function near the 
atomic centres. 


Since the asymmetric unit comprises two similarly, but not 
identically, orientated molecules, a preliminary analysis on 
the basis of a pseudo-cell with c’ = c/2 gave a fairly good 
‘average’ structure. 

The experience gained thus was applied to the study of the 
simpler structure of the aminopenicillanic acid, where only 14 
atoms (not H) had to be located. This had been refined to 
R= 10% for about 1000 reflections. Dr. Vaciago ended 
with a brief account of the use of fuller experimental data and 
modern methods of computation in a refinement of the 
already known structure of potassium benzylpenicillin. This 
had now been taken to a stage where the standard deviation 
of some bond lengths was as low as 0:02 A. 

At Glasgow during the past twenty-eight months, struc- 
tures have been ascertained for about a dozen rather complex 
molecules that are of key importance in natural-product 
chemistry. In a paper entitled ‘A survey of recent x-ray 
studies of natural products by the Glasgow crystallography 
group’, Professor J. M. Robertson outlined the strategic 
principles used, and discussed some of the implications of this 
development as it affects the classical problem of structure- 
determination in organic chemistry. He stressed the value of 
the chemical approach: the problem was seen not as the 
structure of a particular crystal, but rather as that of a series of 
chemically inter-related molecules. It was the chemist’s task 
to determine the structural relationship between a number of 
different substances, and the crystallographer’s to determine 
the exact structure of whichever of them proved most suitable 
for analysis. ‘Better three months of chemical work than 
twelve of unrewarded x-ray effort.’ He illustrated this con- 
cept by special reference to limonin: from several possible 
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derivatives, the iodoacetate of epi-limonol was finally selected 
for attack, despite the adverse circumstance that the asym- 
metric unit contained two molecules, so that 76 atoms had to 
be located instead of 38. This had the initial advantage of 
avoiding the phase ambiguity which otherwise occurs in P2,, 
and the subsequent one that the finding of chemically identical 
structures for two crystallographically independent molecules 
afford very convincing evidence of their validity. On the 
other hand, the analysis of the simpler molecular structure of 
isoclovene hydrochloride had to be made despite the presence 
of the phase ambiguity. 

Dr. C. H. Carlisle (Birkbeck College) instanced «-amyrin 
phosphate, in which not only did the asymmetric unit consist 
of two molecules, but whose analysis had also to be forced 
through against a virtual phase ambiguity of the kind men- 
tioned by Professor Robertson. In subsequent discussion 
with Dr. Rollett, Dr. Mills (Manchester University) and Dr. 
Cruickshank, Professor Robertson agreed that the prac- 
ticability of the strategy described depended on the prior 
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development of fast and reliable electronic computers and 
the availability of efficient crystallographic programmes | 
use on the computers. The establishment of a large p 
gramme is a most intricate and arduous task, and one wh 
is all too often taken for granted, once the programme 
working satisfactorily. | 

The chemical approach was further illustrated in papers: 
Dr. T. A. Hamor and Dr. G. A. Sim (both of Glasg 
University) on ‘Recent work on certain alkaloids’, and | 
‘Recent work on some terpenoid derivatives’, respective 
The former dealt with echitamine bromide and macusineé 
iodide; the latter with bromogeigerin, clerodin, and cert: 
chloronitrosocamphanes. The stereochemistry of these 1 
compounds is of special interest in relation to the Cott 


effect. 


Chemistry Department, J. C. SPEAKMAN 
The University, | 
Glasgow, W.2. | 
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It Abstract 


4 thermionic generator of electricity is essentially a diode 
|alve in which electrons emitted from a hot cathode flow 
‘'o a cooler anode, producing an electric current. From 
yeing Scientific curiosities, such devices have become the 
subject of intense research activity in the last three years, 
ind it is now clear that they have considerable possibilities 
1s useful generators in a number of fields. 

This article reviews this recent work and makes an 
assessment of the present position and future trends. 
Although engineering design and applications are con- 
sidered, the emphasis is on the physical processes 
ussociated with these devices, and the progress which 
1as been made into understanding them. 


1. Introduction 


T: production of electricity directly from energy 


sources without the use of moving machinery has 

become the subject of intense research activity in the 
last three or four years. Devices under investigation include 
thermoelectric and thermionic generators, photovoltaic cells, 
magnetohydrodynamic generators and fuel cells. Only the 
first two of these generate directly from heat, and only 
thermionic generators will be considered in this article 
‘thermoelectric generators have been the subject of several 
zsomprehensive reviews, e.g. Jaumot 1958, Goldsmid 1960, 
Egli 1961). For a summary of other methods, see Spring 
(1961). 

A thermionic generator is essentially a diode valve in 

which electrons from a hot cathode flow to a cooler anode, 
producing an electric current which can be used in an external 
circuit. Usually a gas or vapour is introduced to provide 
ions to neutralize the space-charge of the electrons, and 
devices of this sort have been variously termed thermionic 
converters, thermoelectron engines, plasma diodes, plasma 
thermocouples, etc.: the term ‘thermionic generator’ will be 
used here, together with ‘caesium diode’ for a particular 
type (section 5). 
That electric currents can be generated in this way has 
been known since the last century: it is occasionally called 
the ‘Edison effect’. Schlichter (1915) is quoted by Wilson 
(1960) as having proposed a generator of this form, and 
Champeix (1951) gave a quite detailed analysis which is 
essentially correct, although he overlooked several possibilities 
and concluded that it was impractical. In the same year 
Medicus and Wehner (1951) made a discharge tube which 
generated in this way, and the same effect was also observed 
by Malter, Johnson and Webster (1951). In 1954 Hurst 
(1958) applied for a patent covering generators of this type. 
Further early work in the U.S.S.R. is quoted by Dobretsov 
(1960) and Morgulis and Naumovets (1960). 
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‘Thermionic generation of electricity 


‘hy M. A. CAYLESS, B.Sc., A.R.C.S., A.Inst.P., Research Laboratory, Associated Electrical Industries 


It was not, however, until 1957 that accounts of systematic 
investigations into the practical realization of useful generators 
began to appear. Since the early paper by Moss (1957), 
several dozen original papers and several times this number 
of surveys, digests, etc., have been published, almost 
exclusively from the U.S.A. and U.S.S.R. In addition over 
half the book of collected papers on Direct Conversion by 
Kaye and Welsh (1960) is devoted to thermionic generation. 
This article aims at surveying this considerable output and 
reviewing the present position, with emphasis on physical 
principles rather than engineering and applications, which 
are amply covered elsewhere (e.g. Harvard 1959, Electronics 
1960 b, Yaffee 1959, Grattridge 1960). 


2. Principles 
2.1. Generation of power 
The anode current characteristic of an ordinary vacuum 


diode has the form shown in Fig. l(a). The current in the 


{- 777 = Fermi Level 


Current Potential 


Power 
Generated 


(a) (b) (c) 
Fig. 1. Form of potential distribution and characteristics 
(not to scale): (a) ordinary vacuum diode, (5) dba < de, 


(c) space charge completely neutralized (broken line: effect of 
reducing ¢c). In each case the potential diagram corresponds 
to the condition giving maximum power, indicated by the load 
lines and shaded areas shown on the characteristics. 
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retarding region represents a generation of electricity. With 
a particular external resistance the power generated is 
proportional to the shaded area enclosing the load line: 
this is plotted below and is a maximum when the load is 
‘matched’. 

In an ordinary valve of this kind the anode work function 
¢, is greater than the cathode work function ¢,, and there 
is an electron space charge between the electrodes, giving a 
potential diagram like that shown above the characteristic. 
The current generated is produced by those electrons from 
the hot cathode which are energetic enough to surmount 
both the work function ¢, and the space-charge potential 
barrier. 

The effectiveness of the generator is obviously improved if 
da < ¢, as in Fig. 1(b). This shifts the characteristic to the 
left, and the power generated is considerably increased. If, 
in addition, the space-charge barrier is removed, still more 
power results, as shown in Fig. 1(c). 

An effective thermionic generator is thus a diode valve in 
which: 


(a) the anode work function is reduced, relative to the 
cathode work function; 

(b) the space charge between the electrodes is reduced or 
eliminated. 


The construction must be such that heat can be supplied to 
the cathode and removed from the anode. The ordinary 
glass bulb construction is not suitable (except perhaps with 
focused radiant energy heat sources) and some such con- 
struction as shown schematically in Fig. 2 is the simplest 
conceivable. 


Insulator 


Cathode Anode 


Electron 
Current 


Load 
Fig. 2. Schematic thermionic generator. 
It is readily shown (e.g. Feaster 1958) that, with complete 


space-charge neutralization, maximum power is produced 
when the load is matched so that the generated voltage 


y= Pe a Par (1) 


kT, ip. 
he al renee o 


provided 


where T, is the cathode temperature. This is the situation 
represented by the potential diagram and load line shown in 
Fig. 1(c). 

Further power could be obtained by reducing d, until (2) 
became an equality (keeping ¢, + Vo = ¢,, and T, constant), 
as indicated by the broken line in Fig. 1(c), but only by 
much reducing the impedance and efficiency (see next 
section). If 4, is reduced, whilst maintaining V, + ¢, and 


BRITISH JOURNAL OF APPLIED PHYSICS 


434 


T. both constant, the power is unchanged: this is of little 
practical use, however, since the lower the work function the 
more difficult it is to maintain a cathode stable at a giver 
temperature. 

Future discussion is therefore confined to generators 
working in the optimum condition shown in Fig. 1(0), and 
complying with (1) and (2). 


2.2. Efficiency 


! 
The device is, of course, a heat engine, the source of 
power being the temperature difference T, — 7, between the 
cathode and anode. Thermodynamically, therefore, the 
efficiency 7, which cannot in any case exceed 1 — ¢,/¢,, is 
always less than 1 — T,/T,. Richardson’s law shows that if 
T,/T; = bal¢¢, back emission from the anode is equal to the 
emission from the cathode, and the device acts as a reversible 
engine in this condition. To extract a finite amount of 
power, 7, is reduced somewhat, so that in operation 


T, 


G3) 


<1 << } 
3 be T. 
It is convenient to define 
ee t (4) 


as the ‘Carnot efficiency’, the highest conceivable efficiency 
for any given cathode-anode combination. The realizabl 
efficiency falls below this, mainly because of heat transfer b 
radiation from the cathode to the anode. Denoting this b 
P, (per unit area), and the current density by j,, the maximu 


realizable efficiency is 
/(: 4) 
; Jc c 


te Ee 
tm =f (1+ 9) C 
M = j.$./P; 7 


is a convenient figure of merit for a cathode, a high valu 
indicating a high realizable efficiency. 

Thus for high efficiency it is desirable that ¢, is sub 
stantially less than ¢,, the current density is high and tha 
the radiation from the cathode is small. At first sight 
high value of ¢, also appears advantageous, but the curren 
density j, depends exponentially on ¢,, and there is an 
optimum value of ¢, for maximum efficiency under any given 
conditions. 

P, is difficult to estimate with precision, but it never 
exceeds the power loss determined by Stefan’s law, which 
thus gives a minimum value for M of 


ich 


eqr 


or 


where 


(8) 


where e¢ is the total thermal emissity of the cathode surface} 
| 


Minn —— 


2.3. Efficiency characteristics | 

To show how the various parameters influence the maximum 
realizable efficiency 7,, as determined from (6) and (8), it 
is plotted in Figs 3 and 4 for « = 0:35 (close to that of 
tungsten at 3000° k, and a reasonable estimate for composite 
cathodes at 1200-2000°k) and with j, determined from 
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“Richardson’s equation, 
20 A cm—? deg~? for A. 
‘) Figures 3(a) and 4(a) are for an anode work function pa 
\f 1 v, which is about the lowest likely to be achieved in 


with the theoretical value of 


70 


nn nD 
Oo oS 


PS 
i=) 


“IUXTIMUI CITICIENCY Tm \/0) 


Beck 1959) hold considerable promise for long-life high- 

efficiency generators, in spite of the higher Carnot efficiencies 

of those employing cathodes of higher work function. 
Characteristics corresponding to those of Fig. 3(a) are 


a 
So 


elm (%/o) ; 


Oo 
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3 
= 
0 reread | 20 
02 O58 | or) 50 100 500 
Current Density j, (A/cm*) 
(a) 10 
\ < x 
70 oe a a . 1000 1200 1500 | 
Hs 3 4 
a Cathode Work Function & (V) 
Gis lav (a) 
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ae 60} 
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2 E0\= 
al 
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8 S 40/- 
10 $,(V) = 
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0 : ee Pee beige) eno, 2 
02 05 Sank 50. 100 500s 
Current Density j- (A/cm?) = 0b 
(d) 
| Fig. 3. Calculated maximum efficiencies from ideal diodes, lok 
i with complete space charge neutralization, cathode radiating 
i as a grey body of emissivity « = 0:35. 000 *s1200 *.1500 
(a) da = 1 Vv; (6) da = 1°5V. 0 a : 


It) 
‘ractice. The importance of high current density is at once 
parent; this is even more so if 4, cannot be maintained 
2 low, as shown by Figs 3(5) and 4(5), which are for 
», =1-5v. In fact, it is only at current densities of over 
| a/cm? that thermionic generators become of much practical 
aterest: this is an important result, since the range of cathode 
jyaterials which will produce zero-field current densities of 
nis order without deterioration over prolonged periods is 
uite limited (see, for example, Beck 1959). It is to make 
nis point clear that the presentation of Fig. 3 has been 
hosen, rather than that of Houston (1959) (jm, 7.) for 
arious j,) or Hernqvist et al. (1958) (qm, $<) for various T,) 
vith which comparison may be made. 

_ The optimum work function at each current density is seen 
bh Fig. 4. In the most useful range for devices likely to 
vave a long life (around 5—10 A/cm?) the optimum is about 
|v and 2:5v for ¢, =1v and 1-5 Vv respectively. Thus 
compound cathodes of the matrix type (see, for example, 
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2 3 
Cathode Work Function $,(V) 
(6) 


Fig. 4. Maximum efficiencies corresponding to those of 
Fig. 3 as functions of cathode work function ¢¢. 


(a) da = 1V; (6) da = 1°SV. 
Broken lines: temperatures in ° kK. 


Dotted lines: maximum efficiencies attainable in unmatched 
operation (for je = 5 and 20 A/cm?)—see section 2.3. 


shown for several known types of cathode in Fig. 5. In 
deriving these the ‘true work functions’ (derived from 
Richardson’s law with A = 120A cm? deg~?) have been 
used, rather than work functions derived from ‘Richardson 
plots’, since the latter are not strictly relevant, involving as 
they do the temperature coefficient (Nottingham 1956, 
Wright 1953). These curves do not correspond exactly with 
those in Fig. 3(a) since account is taken of changes of pro- 
perties with temperature. The continuous portions represent 
cathode conditions which might permit reasonably long lives 
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of some thousands of hours or more. Evidently lives in the 
10-100 A/cm? region are likely to be very short, although 
little is known about the lives of the UC-ZrC type (Pidd 
et al. 1959 a,b, Kuczinski 1960, Goldwater and Haddad 
1951), the cut-off at 10 A/cm? indicated in Fig. 5 being 
arbitrary. 


60 Taal tala eat T fio fae Geek LL > T T sas ae) (a 
> © Thoriated tungsten at 2000°K gy, = 'V 
=50} «Lanthanum boride at 1770°K 
[= 
os Lf / A\SIO 
Vie us 
>40 + L Cathodes 4/ ee. 
g 7 a 
cS ios 272110 3300° 
= pl e Be 
= 30+ , J 7 1420 y ae 
Ee Bariated Ze £2 
5 Nickel »» 2075 ae 
= 20+ Be | 
5 yor 
=r -~°3000 
--* Tungsten 
Temperatures in °K 
4 a it 1 1 = 4. 4. > HS Tae 
03 eee 50 00 
Current Density j.(A/cm*) 
Fig. 5. Estimated maximum efficiencies of generators with 


existing cathodes, corresponding to those of Fig. 3(a), 

¢a = 1v. Broken curves indicate regions of heavy evapora- 

tion. Single points calculated at maximum usable currents 
for reasonable life. 


Figure 4 also indicates efficiencies attainable at low 
cathode work functions by operating in unmatched con- 
ditions; similar additions can be made to the characteristics 
derived by Houston and Hernqvist et al. These are of little 
practical interest for the reason given in section 2.1, but they 
are pointed out since several experiments have been carried 
out under such conditions, for example those of Hatsopoulos 
and Kaye (1958), and failure to appreciate this has caused 
some misunderstandings. (This was drawn to the author’s 
attention by R. V. Harrowell.) 


2.4. Additional factors 


Analyses by Houston (1959) and Rasor (1960) include 
terms covering the kinetic energy of the electrons and the 
electrical and thermal conductivity of the lead wire. The 
first of these is small, but the others lead to contradictory 
lead wire geometry requirements. Use of the Wiedemann— 
Franz relation gives an optimum length to diameter ratio. 
Rasor introduces a figure of merit which is a generalization 
of (8), and compares it with that commonly used for thermo- 
electric materials. He shows that these factors lead to a 
generalization of (6) which is approximated to by 


tim ~ 0°8 ne] (1 +—7 


in typical cases, the numerical factors being insensitive to 
the actual parameters involved. Hatsopoulos (1960) also 
compares thermoelectric and thermionic ‘figures of merit’, 
but only for the rather artificial ‘near equilibrium’ case with 
eed bay 

The radiation term ?, depends on the emissivities and 
reflectivities of the opposing electrode surfaces, and is 
difficult to estimate with precision. Houston (1959) and 
Hernqvist et al. (1958) restrict their analyses to the case of 
tunsgten radiating to a black body, but Nottingham (1959b), 
Hatsopoulos and Kaye (1958), Hatsopoulos et al. (1960), 
and Rittner (1960) use formulae which include reflections 
between the surfaces. 


(9) 
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With actual generators, the effects of residual space chat| 
and the effects of charge interactions and (when a gas | 
present) collisions must also be taken into account, and sof 
consideration is given to these factors in the followi| 
sections. The formulae of this section are useful, howev)| 
for assessing and comparing the possible limiting pg 
formances of different types. 


| 


3. Space charge reduction 


Three general methods have been proposed for reducil 
the space charge of the electrons between the electrodes: 


(1) the use of a very close electrode spacing; 
(2) the use of combined electric and magnetic fields; | 
(3) neutralizing the space charge by positive ions. 


3.1. Close-spaced generators 


These consist simply of an anode and cathode arranged | 
close to one another that no appreciable space charge ci 
build up in the evacuated space between them. A fair 
complete theoretical analysis is possible, based on t! 
Langmuir space charge theory (Lindsay and Parker (19 
1960) give a comprehensive discussion of this and its relevan) 
to thermionic generation). Moss (1957) carried out a fair 
detailed analysis, and concluded that a spacing of 0-001 ¢ 
or less, with a corresponding degree of flatness and smoot 
ness, is essential for an efficient generator. Hatsopoulos a 
Kaye (1958) confirmed this experimentally, and obtained 
estimated 12-13% efficiency at this spacing (an unfortun 
confusion between centimetres and inches occurs in t 
paper: centimetres are intended, see Nottingham ef al. 1954 

Successive contributions have been made to the theo 
using various approximations, by Webster (1959), Nottin 
ham (1959a), Hatsopoulos et al. (1960), Rittner (1960) a 
Dugan (1960), and it is now in a fairly satisfactory sta 
The author sees no reason why the exact theory could n 
now be evaluated, in a form suitable for a digital comput 
to give the characteristics of any generator of this type. 

Small working generators of this type have been ma 
using techniques similar to those developed for microwa 
valve development—see Webster and Beggs (1958) a 
section 5. 


3.2. Magnetic triodes 


This is the name given to generators making use 
combined electric and magnetic fields to overcome the spa 
charge. They have been discussed by Hatsopoulos, Wel 
and Langberg (1959) and Welsh et al. (1960), and d 
principle is shown in Fig. 6. The electrons are accelerat 
by a relatively high potential (~100 v) applied to a thi 


4 | Accelerating | Electrode 


rs Coe 


Cathode Collector 


Load 


Fig. 6. Principle of the magnetic triode. The magnetic field 
is normal to the paper. 
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‘\lectrode, corresponding to the anode in an ordinary valve: 
| his overcomes the space charge. A transverse magnetic 
‘lield diverts them to the collector, as shown. 

| Additional advantages of this device are the increased 
‘possibilities of heat shielding and the possibility of generating 
).c. by modulating the magnetic field. Against these, how- 
ver, are the problems of supplying the latter in the high 
emperature environment, and the high losses which would 
” caused by any small electron current reaching the 
ccelerating electrode, because of the high potential. 

i} So far, such devices do not seem to have passed the 
-|onjectural stage. 


3.3. lon-neutralized generators 


In these a gas or vapour is introduced which is ionized to 
\eutralize the electron space charge. Several methods of 
rroducing the ions have been considered: 


| (@) by a discharge between the main electrodes; 

4 (b) by an auxiliary discharge, involving additional 

electrodes; 

| (c) by the radiation and particle flux in a nuclear reactor; 

t (d) by ‘resonance ionization’ of an alkali metal vapour 
(usually caesium) at a hot surface. 


Te thoas (a), (b) and (d) were listed by Hernqvist et al. (1958) 
feo considered the proportion of the generated energy used 
‘Yn producing the necessary ionization, calculating it as an 
“equivalent generated voltage loss’ (the units are confused 
‘§n their table I: a loss of 1 v is equivalent to 1 watt used in 
‘roducing the ions per ampere of generated current). 
\Dbviously this loss must be small compared with the 
‘generated voltage for an efficient generator. 


Method (b) was found to be nearly as bad in one version, 
tthe ‘plasmatron’ method, in which an auxiliary discharge 
yasses between the main anode and on auxiliary cathode, a 


ther forms of auxiliary discharge are more promising. 
An ingenious version has been described by Gabor (1961), 
he essential features of which are illustrated in Fig. 7. This 


Cool 


ii 
~ +10V are 
4 
Mesh 
OVS Tiss 
Collector 
+1 to Cathode 
SV 


Heat 


Fig. 7. Principle of Gabor’s generator. The region above 
' the mesh contains a luminous ionizing discharge; that in the 
' cells beneath the mesh contains a dark conducting plasma. 
The electrons flow upwards and the ions downwards, as 
indicated schematically. 


contains argon, or an argon—mercury mixture, at about | mm 
yressure, and the collector consists of metal gauze, of care- 
ully chosen mesh size, through which a proportion of the 
\slectrons pass to be accelerated by an auxiliary electrode, 
rausing ionization. The ions are accelerated back through 
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the gauze to neutralize the space charge between the main 
electrodes. In experiments at low currents the loss has been 
as low as 0:05-0-1 v. If this is confirmed at higher currents, 
and if ohmic resistance losses are not too serious, this device 
would have certain definite advantages over the caesium 
types: there would be no difficulty in using low temperature 
cathodes (1300-1700° k) and caesium corrosion problems 
would be absent. The device described by Gabor incor- 
porates a number of constructional features for increasing 
the efficiency by increasing the collector area, and for pre- 
venting the deleterious effects of the magnetic field of the 
high currents. 

Method (c) has been considered by Jablonski et al. (1959), 
who carried out calculations showing that ionization by 
fission fragments in argon at about 100 mm pressure might 
be adequate. Jamerson (1960) has followed this up and 
calculated characteristics which look attractive, but these 
were not confirmed in a reactor because of design faults. It 
is still not clear therefore whether it is possible for generators 
to utilize this principle: at the high gas pressures considered 
it looks doubtful. A curious feature is that caesium produced 
as a fission product could lead to a generator of this type 
changing into one of the caesium type in an hour or two. 

Method (d) has so far been considered the most promising. 
The basis is the well-known ‘resonance ionization’ of alkali 
metal vapour atoms striking a hot metal surface of work 
function higher than their ionization potential (see Taylor 
and Langmuir 1933). The most effective vapour is caesium, 
and generators in which caesium is ionized in this way have 
been so extensively studied that they require separate dis- 
cussion (section 4). Hernqvist et al. estimated the loss in 
generating the ions in this way to be only about 0-01 v. 
However, several factors are not included in this estimate: 
all the ions are assumed to arrive at the emitting surface, 
and any additional radiation losses are neglected. In 
experiments the losses turn out to be much larger—the results 
of Wilson (1959) for example correspond to a loss of 6:7 v, 
which is clearly unsatisfactory. Much of the work at present 
in progress is aimed at rectifying this. 


4. Caesium diodes 
4.1. Experiment 


Caesium vapour introduced into the interelectrode space 
can perform several functions: 


(a) provide a source of ions to neutralize the space charge; 

(b) lower the cathode work function, providing increased 
electron emission; 

(c) lower the anode work function, producing higher 
efficiency. 


¢-, must, of course, not be lowered unduly or the efficiency 
will suffer (section 2), and the resonance ionization process 
responsible for (a) will be impaired. However, since 
T, < Te, ¢, tends to be lowered more than ¢,, and by 
carefully optimizing the temperatures and the caesium 
pressure, all three effects can be used to advantage. Wilson 
(1959), using a molybdenum wire cathode at 1900°k and 
an oxidized silver anode in a caesium pressure of 1-5 mm 
achieved an estimated efficiency of 9:2°% in this way. How- 
ever, it was evident that the space charge was by no means 
fully neutralized since, when additional ions were introduced 
from a second source, the generated current was more than 
doubled. 

Since the resonance ionization process is most efficient with 
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high cathode work functions and temperatures, experiments 
have been conducted mainly with refractory metal cathodes 
operating at 2000-3000°k. Hernqvist, Kanefsky and 
Norman (1958), Steele (1960a), Block et al. (1960) have, 
among others, all reported the results of experiments using 
caesium vapour in this range. A very comprehensive investi- 
gation is that described by Ranken, Grover and Salmi (1960) 
(the same team have published a number of previous accounts 
of this and related work—see Grover et al. 1958, Pidd ef al. 
1959b). Fig. 8 shows the characteristics obtained by them 
using a tantalum emitter and a serrated copper collector for 


The possibility of using matrix type cathodes operating 
lower temperatures (1300-1500° k), and thus obtaining lon 
lives, is not entirely precluded by the fact that their avera. 
work functions (~1:7 to 2:7v) are below that (3-88 | 
required for 100% resonance ionization of caesium. | 
certain proportion of the atoms will still be ionized, 
accordance with the Langmuir-Saha equation (Langmu 
1925). However, Dobretsov (1960) shows theoretically thr 
sufficient caesium ions are only likely to be produced at hig 
caesium pressures (~1 mm or more). Experimental data | 
far obtained show that the efficiency of generators with th 
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Fig. 8. 


various caesium pressures. Comparison with Fig. 1 shows 
that essentially complete space charge neutralization is 
achieved at pressures as low as 10-4mm. The current 
increases as the pressure increases and the cathode work 
function decreased, particularly at the lower temperatures; 
this advantage is partly offset by the reduction in the output 
voltage as a result of the decrease in 6,—¢,, and by collisions 
in the interelectrode space which introduce an effective ohmic 
resistance, causing the rounding of the characteristics. The 
right-hand parts of the characteristics are not relevant: they 
show the onset of discharge phenomena, which occasionally 
persist into the retarding region when conditions favour very 
low voltage discharges. (This account is over-simplified: the 
original paper gives a much more detailed discussion.) 

Clearly there are two principal modes of operation: (a) at 
low caesium pressures (~10~4mm), when there are no 
collisions in the interelectrode space, and (b) at high caesium 
pressures (~1 mm), when collisions predominate. At high 
temperatures (over ~1700°K) the latter permits higher 
current densities, but introduces an effective ohmic resistance. 
It is, at present, not clear which is likely to prove the most 
satisfactory (the role of ohmic resistance in limiting the 
performance of the high pressure type is particularly un- 
certain) and both are being intensively investigated. 
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Characteristics of caesium diode with tantalum emitter and serrated copper collector, 
observed by Ranken ef al. (1960). 


(With acknowledgments.) 


type of cathode is very low at low caesium pressures, b} 
increases rapidly as the pressure is raised: the limit is not 
known. 

The possibility of making use of the patchy nature of tl 
surface of this type of cathode has been considered, 
example by Nottingham (1959b), and is being investigat 
experimentally. There is a danger that ions produced | 
regions of high work function may be trapped in spaj 
charge ‘pockets’, and it may be necessary to bias such are 
a volt or two positive to the low work function areas 
overcome this: this would add coniplication, but does n 
seem impossible. Dobretsoy (1960) calculates that a patck 
cathode is no better than a uniform one with a work functic 
equal to its average, but this part of his analysis is not ve: 
convincing. Morgulis and Naumovets (1960) obtained abo: 
0:5 w/cm? at an estimated 4% efficiency using a matr 
cathode at 1300° c, with an estimated 200 hr life, which ths 
interpret in terms of ionization at uncoated areas of tungst« 
on the cathode. 

An arrangement akin to this in which a third electrode 
added, operating at the cathode temperature, but with 
higher work function, to ionize the caesium has be 
announced by Hernqvist (1960). An estimated efficiency 
14% is claimed with the cathode at 1100° c. 
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4.2. Theory 


Theoretically, knowledge of conditions in the interelectrode 
,|Space is far from complete at present. As soon as there is 
appreciable ionization it is evident that a relatively neutral 
, Plasma will form, with space charge sheaths at the electrodes, 
! the potential distribution changing in some such manner as 
‘shown in Fig. 9 as the ionization is increased. Evidence for 


777 = Fermi Level 


Po 


(a) (2) (c) 


Fig. 9. Conjectural potential diagrams showing electron 

space charge (a) in vacuum, (6) partially neutralized, (c) com- 

pletely neutralized, by positive ions. Signs of residual changes 
as indicated. 


the formation of such sheaths has been given by Steele 
(1960b), for example, and they have been discussed by 
Nottingham (1960). With a positive ion sheath at the 
cathode, as in Fig. 9(c), a positive ion current density 
lip > je(m,/m.)'/? is required (Langmuir 1929) to permit an 
jelectron current j, to flow. If the available ion current is 
smaller than this the distribution will revert to the form of 
Fig. 9(4), and the electron current will be reduced accordingly. 
At low pressures collisions can be ignored, and some 
progress has been made in modifying the vacuum diode 
space-charge theory to include the effect of ions, notably by 
Auer and Hurwitz (1959), Auer (1960) and Franklin (1960). 
The first two find instabilities in their solutions, which may 
give rise to oscillations, and these are also shown to arise in 
certain conditions by Eichenbaum and Hernqvist (1961), but 
Franklin doubts whether this type of instability occurs in 
reality. (Oscillations have been frequently observed, par- 
ticularly at near zero anode potentials, for example by 
Johnson (1960) and Garvin et al. (1960), and their elucidation, 
and possible control to produce a.c. (see Electronics 
'(1960a)) is currently receiving much attention). 
i Nottingham (1959b) gives a detailed treatment of the ion 
production process, including patchy cathodes, and shows 
that a low pressure diode may be regarded as equivalent to 
ja vacuum diode with a much closer spacing. The potential 
jin the cathode sheath is evaluated by Enoch and Rankin 
(1959) and Nottingham (1960): for a typical case the former 
obtains a sheath thickness of the order of 10~7 cm. 
At high pressures conditions are much more like those in 
jordinary discharge plasmas, the motion of the ions and 
electrons more or less randomized by collisions, and the 
currents to and from the electrodes largely determined by 
|thin space-charge sheaths. 
| The most detailed treatment is that of Lewis and Reitz 
(1959a, b, 1960), who develop an analogy with the thermo- 
‘electric effect, calling a generator of this type a ‘plasma 
thermocouple’. In the present author’s opinion this is 
unfortunate, and only serves to obscure the situation: 
conditions in the thermionic case are so far from thermo- 
dynamic equilibrium that the analogies with the Seebeck 
coefficient, thermoelectric power, etc., are rather forced, and 
of dubious utility. The later contributions by these authors 
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draw progressively less on these concepts, and form a con- 
siderable contribution to the understanding of the subject, 
taking into account the thermal and electrical conductivity 
of the plasma, and the electron and ion temperature distri- 
bution as a result of ohmic heating. They assume, however, 
that the ionization occurs in the interelectrode space (as a 
result of electron collisions, thermal ionization and photo- 
ionization) and ignore ion production at the cathode surface. 
This is a serious shortcoming in view of the experimental 
evidence showing the importance of the cathode surface. 
Nottingham (1960) takes into account both surface ionization 
and electron collision ionization, but his theory has not yet 
been evaluated sufficiently to show what the relative impor- 
tance of the latter is likely to be. 

The present author feels that considerable insight will be 
obtained by developing further the treatment of Lewis and 
Reitz, dropping the thermocouple analogy entirely as a 
logical sequel to the trend already shown, and systematically 
applying the methods of analysis familiar in discharge theory 
(for example, Malter et al. 1951, 1952, 1955, Cayless 1958). 


5. Working generators 


Most of the experimental results quoted in earlier sections 
have been obtained from laboratory devices, usually in glass 
bulbs, and with electrically heated cathodes. It is important 
to note that the efficiencies of these have usually been 
estimated from the measured electrical characteristics, and 
some form of estimated heat losses from the cathode, using 
various assumptions, sometimes optimistic. Those quoted in 
this article are thought by the author to be reasonable 
estimates. 

Some generators which have been constructed and which 
actually generate electricity from non-electric heat sources 
will now be described. 

A caesium generator of tubular form suitable for operating 
from rocket exhaust gases has been described by Block ef al. 
(1960). This consists of a molybdenum or tantalum tube 
which forms a cathode of 150cm* area, surrounded by a 
copper tube which forms the anode. With the cathode 
heated to 2250° c, the anode at 150—200° c, and a caesium 
pressure of 0-01 to 0-1 mm, this generated 269 w (1644 at 
1-64 v across 0:01 (2) with a thermal input of 10-1 kw—an 
efficiency of 2-7%. With a weight of 34 1b this represents 
80 w/Ib, a useful amount of power in a rocket with a virtually 
unlimited heat supply. The tests were carried out in vacuum 
or an inert atmosphere: life in use in a rocket would be short. 

Grover (1959) describes a generator being developed for 
use in a nuclear rocket reactor. In this a cylinder of UC : ZrC 
(the uranium enriched to 94%) is used as both the cathode 
and the heat source. In an experimental version this was 
about lin. long x 4in. in diameter, positioned inside a 
stainless steel cylinder which acted as anode; an oil coolant 
system controlled the anode temperature and caesium 
pressure. In the reactor a neutron flux of about 10!% raised 
the cathode to about 2000° c, producing 3-8 v (open circuit) 
and 38 A (short circuit). The power could not be measured 
under load, but was estimated to be about 30 w. Radio- 
chemical analysis of the cathode after removal enabled a 
rough estimate to be made of the efficiency of about 5%. 
A rather similar generator described in Electronics (1960c) 
produced 90 w (21 w/cm?) at an estimated 10%, at 1930° c 

Small disk type vacuum and caesium generators are 
described in Electronic Industries (1960). Both consist 
essentially of cathode and anode disks sealed together by a 
ceramic ring, much as in Fig. 2. The vacuum type is stated 
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to be ‘in production’: it is about 1 in. in diameter and pro- 
duces about 1 w at over 2:5% efficiency at about 1000° c 
cathode temperature. This is achieved by constructional 
techniques which enable the two optically flat electrode 
surfaces to be kept precisely 0-0005 in. apart over prolonged 
periods at the operating temperatures. The caesium 
generator is stated to be ‘production type’. Similar to the 
other, but about 14 in. in diameter, and with appendages 
containing the caesium, this has produced up to 2 w/cm? at 
about 1300°c cathode temperature, with an_ efficiency 
estimated to be between 8 and 12% 

A prototype of a solar-powered generator described by 
Leovic and Mueller (1960) had a tantalum disk cathode on 
which the radiation was focused, and a silver coated anode 
with a work function reduced to 1-8 v by the caesium. In 
tests using an arc image furnace nearly 2 w/cm* were 
generated with cathode and anode at 2480 and 700° k 
respectively, and caesium at about 2mm. A similar, but 
more completely engineered, device described by Oman and 
Street (1960) had not been fully tested, but 24 w (8 w/cm?) 
at a cathode temperature of 2000°k were measured using 
ion bombardment heating, giving an estimated efficiency of 
about 10%. 


6. Applications 


The greatest stimulus for the development of thermionic 
generators in the United States has been the potential 
space applications. In rockets, where power is needed to 
operate auxiliary equipment, the high power densities and 
power/weight ratios (several w/cm? at only a few g/w) 
already attained by the high temperature (>2000° k) devices, 
together with structural rigidity and absence of moving parts, 
provide clear advantages over other types of generator. 
Long life, and even efficiency, are relatively unimportant. 

For satellites, the high power density (compared with the 
10 mw/cm? or so attainable from photovoltaic solar cells), 
low weight and high anode temperature (which assists in the 
disposal of waste heat by radiation) are advantageous, 
together with the low cost compared with that of solar cells. 
The necessity to concentrate sunlight by accurately oriented 
mirrors is a disadvantage, and for this reason, together with 
the long life required, generators operating at low cathode 
temperatures (below 1700° k) are preferable. 

The efficiency attainable, 2-10°% in currently working 
devices, 10-20% in laboratory devices and 20-30 % forseeable 
as feasible, is too small for thermionic generators to be 
attractive as direct alternatives to conventional steam 
turbine-dynamo plant for large scale terrestrial power 
generation. The overall efficiency of the conventional 
process is approaching 40-45 °% for combustion heating and 
20-35°% for nuclear heating in large stations. However, 
these efficiencies are likely to improve further only very 
slowly because of the Carnot limitation and the difficuity of 
devising materials which would permit the operation of 
rotating machinery at higher temperatures. 

By combining conventional and thermionic generators, 
however, this barrier could be overcome and useful increases 
in overall efficiency obtained. This is the process known as 
thermodynamic ‘topping’: the thermionic generator takes in 
heat at, say, 1100-1300° c, rejecting it at 400-600° c for use 
by turbines. Fig. 10 illustrates the theoretical improvement 
in overall efficiency obtainable in this way: for example, a 
thermionic generator of 15°% efficiency could increase the 
overall efficiency of a steam plant from 30% to over 40%, 
or from 40% to nearly 50%. Economically this appears to 
be a sound proposition, which would justify a fairly high 
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capital cost for the additional equipment. It would als¢ 
seem feasible to use thermionic generators for providin4| 
supplementary power at peak periods. The development oj 
generators operating at cathode temperatures in the rang 
1100 to 1300°c is desirable for these applications becausy| 
of the long life required, and also because higher temperature} 
are not readily available, at least from non-nuclear fuels. | 

For nuclear power sources, the generator could form par} 
of the reactor core, as in the example described in section 
and with reactor development higher cathode temperature} 
may become feasible. In this case, it is interesting to notd 
that the electron cooling provides a highly efficient hea 
transfer mechanism from the fuel-element cathode to th¢ 
surrounding anode can—the generation is almost a bonus 
(Wigner 1959). 
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Fig. 10. Possible improvement in efficiency obtainable by 
combining thermionic generators with conventional generating 
plant (‘topping’). 


An attractive alternative is an entirely direct-conversio 
station, using combined thermionic and _ thermoelectri 
generators, the anode heat from the former being used b 
the latter. Several such devices have been proposed, and a 
least two actually constructed (Celent 1960, Electronic 
1960d). 

Other possible applications are for small, quiet, remote o 
unattended generators, or where the direct generation o 
low voltage d.c. would be advantageous, as in electrolyti 
plant or certain traction applications. In many of thes 
cases the choice might lie between thermionic generators anc 
other direct conversion devices, such as thermoelectric 0: 
photovoltaic generators, or fuel cells. For further dis 
cussion of applications the references given at the end o 
section | may be consulted. 


7. Further developments and problems 


Although considerable success has been achieved in th 
construction of generators which produce useful amounts o 
power, there remain many problems, some of a formidabi 
nature, to be solved before they are likely to find widespreac 
utility. Most of those constructed so far operate satis 
factorily only at temperatures over 2000° c, and to obtail 
long lives very substantial developments in materials ar 
required. Even in the 1100-1300° c range it is by no mean 
easy to devise constructions which will withstand prolonge 
operation in the oxidizing or corrosive atmospheres produce: 
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mn ordinary combustion processes, and the attack of materials 
joy caesium vapour is a serious problem. In nuclear reactors 
he situation is, in one respect, easier since only the cathode 
ine need be heated to the high temperature, as described 
‘wn section 5, but problems of compatibility, absorption cross 
‘vections, lead design, radiation damage and fission product 
lisposal arise which are even more formidable. 

‘y At low cathode temperatures, although the constructional 
ind materials problems are easier, provision of adequate 
tipace-charge neutralization is more difficult, and generators 
‘using third electrodes or auxiliary discharges may be more 
‘uitable than plain diodes. It is difficult to see how the 
vacuum close-spaced type can be scaled up very much from 
‘yhe very small models made so far. The development of 
athodes with high zero-field emissions is a problem, par- 
icularly when the work function is required to be as high 
S possible at the same time, thus requiring ‘anomalous’ 
Mission properties. Most available high current density 
athodes only produce their high currents under high fields, 
ften under pulsed conditions. 

The development of anodes with the lowest possible work 
unctions present a challenge to ingenuity. For the high 
emperature generators, using metal cathodes, caesium films 
vith ¢ ~ 1-8 v are adequate but, as section 2 shows, work 
unctions of 1-1-5 v are highly desirable, especially when 
ower temperature cathodes are used. Photo-cathodes of the 
\-s-O-—Ag type come to mind, but these are normally unstable 
t high temperatures. At high gas pressures the resistance 
pf the plasma is probably a limiting feature. Even at low 
pressures, high electron densities may lead to the electron— 
lectron interaction becoming important. Lewis and Reitz 
1/1960) and Gabor (1961) have considered this and shown that 
it is appreciable, but little is known about the limitations 
vhich it may impose on the maximum power attainable. 

\| The self magnetic field of the electron current provides an 
‘important limitation, and provision must be made for 
‘ountering its effects in any generator with a high current 
low. Schock (1960) considers this in detail and shows that 
its effects may be ameliorated by superimposing an additional 
itnagnetic field parallel to the direction of current flow. 
Gabor (1961) describes a design aimed at minimizing the 
iffect. 

i! There is considerable scope for ingenuity in designing 
imple, robust constructions which optimize the flow of the 
‘high thermal and electric currents involved, particularly when 
(irranging for units to be cascaded electrically to produce 
itigher output potentials (see, for example, the method for 
stascading in a reactor proposed by Salmi (1960)). Thermal 
ilascading is also possible, the output heat from a high 
wemperature generator being used to operate a low tempera- 
e generator. Mention has been made in section 5 of 
tombining thermionic and thermoelectric generators in this 
vay. Two thermionic generators could be arranged similarly, 
ind this has been tried by Saldi (1960), but his results are 
aconclusive: calculations made in the author’s laboratory 
uggest that there is, in fact, not much to be gained in this 
itiase. 

' Heat shields between the electrodes would increase 
\ifficiency, and the experiments of Ranken ef al. (1960) show 
jhat this is feasible, at any rate in generators with high 
#aesium pressures, without much detriment to the electrical 
dyerformance. Development of electrode surfaces of low 
jhermal emissivity and reflectivity, combined with the other 
4oroperties required, is a parallel problem. 

' Although invertor circuits and devices are now fairly 
4:ommon and efficient, a generator producing a.c. directly 
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would have obvious advantages. Those in which ionization 
is effected by means of a third electrode or auxiliary discharge 
can probably all be arranged to produce a.c. by using a 
suitable feedback system to reduce the ionization as the 
current develops, though with some loss in efficiency, since 
the radiation loss will continue during the ‘off’ half cycle: 
possibly a ‘full-wave’ generator with two collectors could be 
devised to overcome this. In the case of diodes, the oscilla- 
tions, which have received so much attention (see section 
4.2), might prove a possible source of a.c. if they can be 
controlled. 


8. Conclusions 


Thermionic generators, which first came into prominence 
only some three years ago, have now firmly established 
themselves as potentially useful generators of electricity 
directly from heat. High power densities, high power/weight 
ratios and high operating temperatures, giving a high limiting 
Carnot efficiency, are their principal virtues. These give 
them clear advantages for certain applications over their 
nearest rivals, thermoelectric generators, in the present state 
of development, although spectacular improvements in 
thermoelectric materials could largely nullify some of these 
if they could be made. 

Devices producing several w/cm? at 2-10°% efficiency have 
been constructed and demonstrated, and laboratory experi- 
ments have yielded 10-20 w/cm? at 10-20% efficiency. 
Theoretical assessments indicate that, even allowing for 
practical limitations, over 20 w/cm? at 20-30% efficiency 
should be ultimately attainable. 

Although several applications, future developments and 
problems have been described, many more will readily occur 
to anyone engaged in this subject. The whole field presents 
a fascinating and fertile ground for research and develop- 
ment, and there is no reason to suppose that the present 
intense activity will do anything but increase. 
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Abstract 


jhe heat treatment of granular carbon aggregates in 
arious ambient gases has been studied. In inert gases 
i\2ydrogen, nitrogen, argon, etc.) and in vacuo, either a 
onstant or a decreasing electrical resistance was observed 
\jar increasing heat treatment temperature. Ambient gases 
ontaining either free or combined oxygen produced a 
harp resistance maximum at about 530° c. The increase 
jt resistance is attributed to the formation of a non- 
-jonducting surface oxide layer which decomposes on 
icreasing the heat treatment temperature. 


Introduction 


st RANULAR carbon has an important use in the tele- 
( yovnmsnitin industry in the carbon microphone. 
A combination of properties, so far found only in 
artially carbonized anthracite, has made carbon eminently 
\juitable for this application. With time and use, the electrical 
roperties of the carbon aggregate alter, causing deterioration 
1 the microphone performance. This deterioration usually 
jaows itself by an increase in resistance and noise level, 
jogether with a decrease in the modulation efficiency of the 
larbon aggregate. Several causes of deterioration have been 
uggested, but few have been thoroughly investigated; the 
jnajority of the past work has been concerned with the 
jroduction of a stabilized carbon by mechanical treatment. 
| During normal use of the telephone, the feed current of 
jae transmitter capsule causes localized heating of the 
larbon—carbon contacts to temperatures possibly in excess of 
000° c. These conditions are therefore suitable for rapid 
‘esorption and adsorption of ambient gases to occur together 
ith localized surface oxidation within the contact area. In 
ye present work an investigation has been made of the 
ffects on the permanent electrical properties of heating the 
jjarbon aggregate in various gases, in particular those gases 
ormally encountered by a transmitter capsule. 
Little previous work on this subject has been found in the 
iterature. Siebel (1921) showed that carbon filaments had 
4-6°% higher resistance in a gas atmosphere than in vacuo, 
ae order of resistances being: ammonia > sulphur di- 
xide > carbon dioxide > air > vacuum. A few years later, 
Vright and Marshall (1928) measured the resistance of a 
ingle contact in vacuo before and after heat treating at 
700° c. The heat treatment was found to lower the contact 
esistance, which could be restored by re-exposing to the air. 
-Waetzmann and Gigling (1928) made the first study of 
ggregates in various atmospheres, and showed that a 
ricrophone had a resistance of 86 ohms in damp air, 120 ohms 
1 dry air, and 136 ohms in a vacuum of 10~'mm Hg. 
’owdered coal, pressed into sticks and then carbonized in 
itrogen, was found by Sandor (1944) to give a 60% increase 
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in resistance after 23 days exposure to air. Alcohol and 
water vapour were also found to affect the electrical resistance. 
The contact resistance of a synthetic carbon powder, heat 
treated in air between 200° and 900° c, was found by 
Hirabayashi and Toyoda (1954) to pass through a maximum 
at 500-600° c. This maximum was attributed to surface 
oxidation. 


Experimental 


Materials 


Since the primary object of this study was to investigate 
the causes of deterioration in carbon granules of the type 
used in microphones, commercially available microphone 
material obtained by carbonizing anthracite and sieving to 
BSS 60/80 mesh sizes was used throughout. The commercial 
gases supplied by The British Oxygen Company were con- 
sidered sufficiently pure for these experiments, and they were 
dried by passage through anhydrone and stored in glass 
reservoirs. 


Apparatus and procedure 


The carbon was placed in a Pyrex-silica tube fitted with a 
conductivity cell for resistance measurements at the Pyrex 
end and sealed off at the silica end. A side arm in the Pyrex 
section connected the tube, via a ball joint, to a vacuum 
apparatus with manometers, gas reservoirs, and vacuum 
pump. A diagram of this tube is shown in Fig. 1. 

The resistance of 3 g of granular carbon was measured in 
the conductivity cell by passing 10mA from a constant 
current source through the carbon, and tapping the cell 
gently until a minimum value of the voltage across the 
electrodes was obtained. The cell electrodes were rhodium 
plated to minimize and stabilize carbon-electrode contact 
resistance. Previous experiments over a range of cell currents 
had shown that 10 mA gave a reproducible value for the 
resistance which was representative of the carbon. After 
measuring the resistance of the carbon in air in the cell, the 
tube was rotated about the ball joint and the carbon tipped 
into the silica section of the tube. With the tube horizontal 
to expose maximum carbon surface, the air was evacuated 
for several minutes, the carbon returned to the conductivity 
cell, and the minimum resistance under a rough vacuum 
(c. 10-2 mm Hg) measured as before. With the carbon 
again spread out, the ambient gas was admitted at approxi- 
mately atmospheric pressure, and after a few minutes the 
resistance was remeasured. The heat treatment of the 
carbon was carried out by inserting the silica end of the 
tube containing the carbon into a horizontal tube furnace, 
and measuring the temperature by a thermocouple placed in 
contact with the silica tube beneath the carbon. After about 
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half an hour at the selected temperature the furnace was 
removed, the temperature allowed to fall to room tempera- 
ture (20-22° c) and the carbon resistance measured in the 
‘stale’ gas, in vacuum, and then with fresh ambient gas 


silica —_| 


ball joint 


rhodium plated 
nickel electrode 


Fig. 1. Pyrex-silica tube with conductivity cell. 


admitted. The shapes of the resistance-temperature plots 
were the same for the three sets of values, although the 
vacuum resistance was usually slightly higher than the other 
two. The vacuum resistance measurements have been 
reported here, for they were felt to be more representative 
when comparing the effects on the carbon of the heat treat- 
ments in various ambients. 

A second conductivity cell was constructed for measuring 
the resistance of carbon granules under normal room 
temperature conditions. The cell was of a lamellar con- 
struction with alternate vertical layers of conductors (rhodium- 
plated brass plates 35 in. thick) and insulators (Tufnol sheet 
4 in. thick). A cavity was cut from this structure to receive 
the granular carbon, as shown in Fig. 2. In this cell the 
three inner electrodes stopped short by a din. of the top of 
the insulators. A standard volume (1-5 cm?) of carbon was 


Tufnol 


ite insulators 


4 


<«----- 
N 


4 


rhodium plated 
brass electrodes 


Fig. 2. Lamellar conductivity cell. 


dropped into the cell by means of a hopper so that the upper 
surface of the carbon aggregate was above the inner electrodes. 
A feed current from a constant d.c. source was passed 
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between the outer two electrodes, and the potential snes | 
measured between any two (usually the outer pair) of tl] 
inner electrodes to give the carbon resistance. This arrang 
ment of probe electrodes eliminated the carbon-electros 
contact resistance at the current electrodes. Using th 
technique, rapid resistance values for a particular carb¢ 
were obtained reproducible to within about +3%. | 

The resistance obtained in this manner was equal in valt 
to that obtained by tapping the cell to a minimum value, by 
it was obtained much more rapidly. 


Results and discussion 


The experimental values for argon have been inserted j 
Fig. 3 to indicate the small amount of scatter experienced | ' 
this investigation. The actual values for the other ambiet 
gases have been omitted so that the general trends of tk 
plots may be clearly seen. These values are to be found ; 
Table ti: 


——— hydrogen 
—— argon — 
nitrogen 


=== VOGUO! 


Resistance (ohms) 


0 200 400 600 800 1000 1200 
Temperature (°C) 
Fig. 3. Heat treatment in H2, No, A and vacuo. 


From a comparison of the effects on electrical resistanc 
of heating the granular carbon in various ambient gase 
shown in Figs 3 and 4, it is immediately apparent that ther 
is a marked difference between the two groups of gase: 
Heat treatment in oxygen and carbon dioxide leads to 
sharp resistance peak at about 530° c, whereas heating i 
gases not containing oxygen has little effect up to abou 
400° c. Above this temperature, the resistance decrease 
steadily until about 900° c. Fig. 3 shows that a more rapi 
decrease in resistance with temperature occurs above 900° c 
Since resistance increases were caused by both oxidizin 
gases, while with reducing or inert gases and vacuum n 
increase was observed, an explanation of this phenomeno. 
was sought in the literature of carbon oxidation. 

The chemical reaction between carbon and oxidizing gase 
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| Table 1. Carbon aggregate resistances after heat treatment in various ambient gases 
‘Wacuum 
1 Temperature Co) DD 32 135 183 276 333 420 497 635 810 860 988 
i Resistance (Q) 122 123 124 122 2D 123 121 119 112 100 92 66 
nt Temperature (° C) oH) 302 382 468 538 817 860 932 972 1020 
{) Resistance (Q) 123 123 to, 119 115 99 96 82 72 61 
Jitrogen 
Temperature (° C) DS 82 159 DAW 287 388 495 578 707 923 
1 Resistance (Q) 120 121 121 120 119 120 113 109 99 94 
‘ Temperature (° C) 360 459 560 618 dal 852 958 1006 
i Resistance (Q) 118 iLiL7/ 109 107 95 90 70 60 
NE 'ydrogen 
Temperature (° C) 46 140 192 242 318 400 508 602 692 742 885 958 
Resistance (Q) 122 120 121 120 122 119 117 105 95 89 69 57 
Temperature (° C) 267 350 459 Sl 604 686 Thi 856 966 1017 
Resistance (Q) 120 119 118 15} 108 94 83 75 58 50 
as been very fully investigated over a wide range of tempera- than the heating period. For a carbon black oxidized in air 
ires, pressures, and flow rates. From all of this work one (Snow et al. 1958) the oxygen content increased rapidly from 
ery important fact has emerged, namely that the first stage 3° at an oxidation temperature of 200° c to a maximum 
1 the oxidation of carbon involves the formation of an _ value of 11% at 460° c, then fell to 3°% at 700° c, continuing 
xygen complex on the surface of the carbon (Smith 1959). to fall to 1% at 1100° c. 
mce an equilibrium has been established, the oxygen content The general shapes of this oxygen-content curve and the 


f a carbon heated in oxygen or carbon dioxide has been 
ound (Gulbransen and Andrews 1953, Puri et al. 1958) to 
epend primarily on the heat treatment temperature rather 
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Fig. 4. Heat treatment in air, O2, and CO. 
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contact resistance-temperature curve are the same, suggesting 
that the increase in contact resistance is due to the formation 
of a non-conducting oxygen complex on the surface of the 
granular carbon. The exact position of the maximum in 
oxygen content depends on the rates of formation and 
decomposition of the oxygen complex. Since both of these 
rates will be affected by the nature of the carbon, impurity 
content, and surface area, the position of the oxygen content 
and the contact resistance maxima will also vary with these 
factors. 

The contact resistance of granular carbon oxidized in air 
was determined more accurately in the second conductivity 
cell (Fig. 2), where the four-probe method of resistance 
measurement effectively eliminated errors due to electrode— 
carbon contact resistance. The contact resistance—oxidation 
temperature curve (Fig. 5) obtained was similar to that 
obtained previously, except that the range of resistance 
involved was greater. The rate of decrease in resistance with 
temperature above 600° c was found to depend on the 
technique of oxidation employed. If the oxidation was 
carried out with the carbon in a tube sealed at one end, and 
change of atmosphere during cooling was prevented by a tap 
at the other, then lower resistance values were obtained than 
if the carbon were oxidized in an open boat and cooled 
rapidly in air by withdrawal from the furnace. The higher 
values in the latter method are attributed to the re-oxidation 
during the cooling process, when the carbon passes through 
the optimum temperature (530° c) for oxide formation whilst 
in contact with the air. This contact with the air was 
prevented in the closed tube, yielding lower values for the 
contact resistance. 

A re-examination of the contact resistance-temperature 
curves for inert gases (Fig. 3) in terms of surface oxide 
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formation and decomposition indicates that the raw material 
undoubtedly contains a surface oxide film which begins to 
decompose at about 400° c and continues to do so in hydrogen 


10> 1 


open boat 


Resistance (ohms) 


+ 


restricted 
tube 


1200 


1000 


600 800 
Temperature (°C) 
Fig. 5. Air oxidation of carbon. 


from 300-800° c (Marsh 1951). The change in slope above 
900° c is attributed to a structural change in the carbon 
itself. This decrease in resistance is primarily due to a 
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continuation of the carbonization process used in the <a 
facture of the carbon granules. 

The existence of an oxygen complex on the high-resistan 
carbon samples has been confirmed by analysis of the gas 
evolved from the carbon at high temperatures (900° c ai 
above). Correlation is at present being sought betwe: 
contact resistance and the surface oxygen content. It_ 
hoped that, by suitably altering the rates of formation a1 
decomposition of the surface oxide, the oxygen content, al 
hence the resistance, may be kept constant over a wide ran 
of temperatures. 
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Abstract 


The influence of conductivity on the transfer of matter at 
weak (6V, 4:3 A, 0-06-20 nH) was investigated for 
wrecipitation-hardened gold alloys and a palladium alloy 
vith super-structure. 
yransfer depends strongly on conductivity in the regions 
of residual transfer and of normal arc, but is hardly 
yffected in the region of the short arc. 


material transfer between contacts has been emphasized 
for the first time in a U.S. Patent 2213397 (1940). 
»jThere one can learn that by thermal treatment of a 
Bein oppet alloy, containing 40% wt. copper, it is 
possible to change the normal lattice structure with a statistic 
listribution of atoms into an ordered lattice. By this trans- 
formation one gains an increase of electrical and thermal 
,onductivity by a factor of 7 (Vines and Wise 1941). Owing 
o the improved evolution of heat from the contact surface, 
she transfer of matter is reduced to approximately 2% under 
,vertain electric conditions (Keil and Merl 1957). This means 
n practice that the life of the contacts is prolonged by more 
han two magnitudes. 

In the meantime, various further alloys of noble metals 
jave been examined in this respect, such as gold—copper and 
zold—cobalt (Keil and Meyer 1953). In the alloy gold—copper 
yne can observe transformations from the disordered to the 
yrdered state similar to those in palladium—copper. In 
zold—cobalt the conductivity can be increased by precipitation 


i 


HE importance of the alloy structure for the degree of 
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Mean volume gained by anode (em’) 


300 500 700 900 
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Annealing temperature ( c) 


Fig. 1. Anode net gain per switching of gold—nickel 84/16 
contacts depending on annealing temperature (6v, 4°34, 
3-4 wH, arc duration 1-5 ps). 
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hardening. With a suitable thermal treatment the homo- 
geneous gold-cobalt alloy crystal transforms into gold base 
and cobalt base solid solutions. The additive conductivity 
of the latter depends on the annealing temperature, but is in 
any case higher than that of the homogeneous solution 
crystals. 

Later, proof of the influence of this precipitation hardening 
on the transfer of matter with gold—nickel alloys containing 
more than 8% wt. nickel was given (Merl 1960). Fig. 1 
shows the anode net gain per operation of gold-—nickel 
contacts for a break current of 4:3 A and 3:4 wH in a 6V 
circuit depending on the annealing temperature. The arc 
duration, measured by an oscilloscope, was 1-5 ps. The 
transfer of matter of the solid-solution alloy can be reduced 
to 10% by a thermal treatment at 500° c. 

These first experiments were always carried out under 
similar electric conditions. However, it is clearly understood 
that the influence of the conductivity depends on the 
mechanism of the material transfer and, therefore, must 
change over a wide range of the arc time. Knowing these 
various mechanisms, one can show the influence of the 
conductivity by comparing the material transfer of an alloy 
in the two different states. One alloy from each of the 
systems palladium-—copper, gold—cobalt and gold—nickel has, 
therefore, been investigated over a wide range of circuit 
inductance. In Fig. 2 the cathode net gain per switching is 
plotted against the inductance. The upper curve is for 
palladium-—copper in the disordered state; the curve below 
was obtained after a thermal treatment of the contacts for 
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Fig. 2. Cathode net gain per switching of palladium-—copper 
contacts (6 v, 4:3 A). 


Pd/Cu 60/40 disordered. 
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several hours at a temperature of 500°c. The electrical 
conditions of the circuit again are 6 v, 4-3 A, the speed of 
contacts at break was in the order of 10 cm/s. Up to | ux 
the transfer of matter is independent of the inductance and 
is thus to be ascribed to the bridge mechanism. Between 1 
and 4H an additional transfer of matter is caused by the 
short arc. At approximately 4H the normal arc begins 
and the cathode gain is reduced. The curve for the ordered 
state has a similar form, though the quantity is considerably 
smaller. For comparison the curve for gold has also been 
included. 

In Fig. 3 the same measurements for gold—cobalt containing 
3°% cobalt are indicated. By previpitation hardening at 


Inductance (4H) 


Mean volume gained by 


anode 


20 | i 
-12 
30710 \ 
Fig. 3. Net gain per switching of gold—cobalt contacts (6 v, 
4-3). 


Au/Co 97/3 homogeneous. 
Au/Co 97/3 heterogeneous. 
Au. 


fey AG) ea 
« 


450° c the conductivity can be increased by a factor 4-5. 
The curves for gold—cobalt and palladium-—copper are very 
similar. This conformity, however, is only accidental. 
Generally the curves of alloys with such different contents of 
base metal are dissimilar. The difference between the two 
states of gold-cobalt is not as large as that of palladium— 
copper, but remains appreciable. 

Figure 4 shows the curves for gold-nickel with 16% wt. 
nickel. The transfer of matter is plotted against the arc 
duration for various annealing temperatures. At 300 and 
500° c the curves are identical, as also the electrical con- 
ductivities. Between 500 and 700° c the transfer of matter 
and the conductivity depend strongly upon the annealing 
temperature. Annealing above 750° c and quenching makes 
the alloy homogeneous, and the curves again coincide. The 
difference in the conductivity between both the external 
curves is represented by a factor 2-5. In the investigated 
range of inductance the curves of gold—nickel and gold—cobalt 
are not similar. The net transfer of matter of gold-nickel 
from the anode to the cathode is very small, while the transfer 
from the cathode to the anode by the normal arc is 
considerable. 

The point of intersection of the curve with the abscissa 
marks the arc duration at which the amounts of metal 
transported subsequently from the anode to the cathode by 
the short arc, and from the cathode to the anode by the 
normal arc, compensate. This arc duration is approximately 
0-3 ws for gold-nickel and 5s for gold-cobalt. The 
corresponding values of inductance are approximately 
0-4 wx for gold—nickel and 15 xu for gold—cobalt. 

For the purpose of comparison it was found useful to 
normalize the scale of inductance. The unit was chosen 
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such that the inductance corresponded to the point of inte 
section. Thus one obtains limited regions each for bridg 
mechanism, short arc and normal arc. It must be stresseq 
however, that for the same values of the normalized indi 
tance the arc durations can differ by a factor 10. 


Inductance(pH) 
“oe Arc duration(ps) | 
wv 0:06 0-22 0:55 13 3:4 20 
g 10l Ges toa Tne 6-8 
vo ° A . . . 
oe | 
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Fig. 4. Net gain per switching of gold—nickel contacts (6 v, 
4-3 A). 
— e — Au/Ni 84/16 annealed at 300 resp. 500° c. 
—— x —— Au/Ni 84/16 annealed at 550° c. 
— + — Au/Ni 84/16 annealed at 600° c. 
— 0 — Au/Ni 84/16 annealed at 700 resp. 850° c. 


In order to find out the influence of the conductivity ij 
the different regions, it is only necessary to consider t 
ratio of the volumes transferred in the two different states 
an alloy. In Fig. 5 this ratio m,/m , is plotted against t 
normalized inductance L/L, for the alloys gold-cobalt an 
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Fig. 5. Ratio m/m2 of net gains for two different states of 
an alloy depending on the normalized inductance L/Lo. 
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gold—nickel. The curves are similar near the minimum 
owing to the transition from the short arc to the normal arc 
At smaller values of the normalized inductance the residua 
transfer of gold-cobalt was measured only, while at larg 
values the coarse transfer of two gold—nickel alloys wit! 
16 and 10% nickel was measured. The position of th 
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‘yurves depends on the increase of the conductivity by the 
thermal treatment, but there is no simple relation between 
ihe ratio of the conductivity and the ratio of the volumes of 
\(aetal transferred. 
These curves show that the conductivity of the material is 
if greater importance in the region of the bridge mechanism 
nd the normal arc than in the region of the short arc. 
ince the break of the bridge, the short arc and the normal 
re occur one after another, the region of the short arc 
acludes the bridge transfer. If one considers the transfer by 
he short arc alone, the minimum would be much lower; 
his means that the differences in the conductivities hardly 
ffect the amount of transfer in the region of the short arc. 
nvestigating the material transfer at make with capacitive 
dad, the same result is achieved. The anode arc at make is 
ery similar to the short arc at break, except for the 
iechanism of ignition. 

For the case of short-circuiting a capacitor, Fig. 6 shows 
1e quantity of the material transfer versus the potential of 
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Fig. 6. Net gain per switching of gold contacts at make 
(1:04 wr, 0-048 wH, 58 m© (h.f.)). 


ie capacitor. The apparatus used was almost the same as 
escribed by Germer and Haworth (1949); however, the 
‘japacitance was considerably larger. Because of this the 
node arc changed into a normal arc above a potential 
areshold, and thus the gain by the cathode was reduced. 
“he ordinate presents the amount of metal transported from 
aye anode to the cathode, divided by the energy of the 
apacitor. 

The anode arc between gold contacts ignites at nearly 
4v (Merl 1956). At lower voltages the transfer of metal 
; due to arcs at break when microscopic peaks of both 
ontact surfaces boil at the first touch of the metals. The 
econd break of the curve at 17 v marks the transition from 
qe anode arc to the normal arc. The decrease is not due 
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to a cathode arc or an air breakdown, the voltage being 
too low. 

Figure 7 gives the same measurements for gold—cobalt 
containing 5°% cobalt in the homogeneous and the hetero- 
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Fig. 7. Net gain per switching of gold-cobalt contacts at 
make (1-04 mF; 0°048 wu, 58 mQ (h.f.)). 


Au/Co 97/3 homogeneous. 
Au/Co 97/3 heterogeneous. 
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geneous state. The maximum of the curve for the homo- 
geneous state is 8 x 10~'4 cm#/erg, for the heterogeneous 
state approximately 5 x 10~!4cm3/erg; that is more than 
half the value for the homogeneous state, although the 
resistivity is about ten times smaller. 

The experiments are not yet finished, but it is evident that 
the transfer of matter on break can be reduced to a great 
extent by increasing the conductivity of an alloy. In some 
cases a rise of the conductivity by a factor 3 could diminish 
the quantity of metal transferred to 5%. On closure, how- 
ever, changes of the conductivity are of little effect on the 
material transfer. An increase of the conductivity by a 
factor 10 reduced the material transfer only by one half. 
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Measurement of the dielectric constant of filament nylon 


in a transverse field 


by F. S. WARD,* M.A.Cantab., A.Inst.P., 
Manchester 


Abstract 


An instrument has been designed for measuring the 
dielectric constant of a material in the form of a single 
cylindrical filament, and experiments are described in 
which it is used for measurements on nylon. The filament 
is placed centrally between two silvered optical flats, 
which form a parallel-plate capacitor and serve as the 
tuning capacitor of a radio-frequency oscillator. Accord- 
ing to an existing theory, the change in capacity due to 
the presence of the dielectric is given by: 


= et] ie 2) 

/ I =" 34 

(where b is the radius of the en H the length of the 
capacitor, B the width and D the distance between the 
plates) and 5C can be determined from the corresponding 
change in oscillator frequency, if the electrical parameters 
of the circuit are known. The experimental observations 
confirmed the general form of the equation, but they were 
not sufficiently accurate to verify the second-order term 
mb?/3D?. A value of 3:0 was found for the dielectric 
constant of nylon at 6 to 7 Mc/s, which is in reasonable 
agreement with values of 3-1 to 3-4 recorded by other 
workers for both filament and bulk nylon. 


8C= Ce pe tanh 5 


Introduction 


T is of interest, on both theoretical and practical grounds, 

to know the dielectric constant of a material such as 

nylon which exists in bulk and in filament form. Measure- 
ments have been made of the dielectric constant of nylon in 
the form of disks or rods (Rushton and Russel 1956), but the 
only data available for nylon filaments are derived from 
measurements on assemblies of fibres. The difficulty with 
this type of experiment is that it gives an overall dielectric 
constant of the fibres in conjunction with the surrounding 
medium, and the true diciectric constant of the fibres can 
only be determined if the field distribution throughout the 
mixture is known. Rayleigh (1892) has solved the problem 
for an infinite rectangular array of dielectric cylinders, but 
his result does not seem to have been used in connection with 
fibres. 

Errera and Sack (1943) avoided the difficulty by sur- 
rounding the fibres with a liquid whose dielectric constant 
was the same as that of the fibres themselves, but their 
results are open to criticism on the grounds that the nylon 
may have been affected by the surrounding medium. In 
some of the experiments made at 3000 Mc/s by Shaw and 
Windle (1950), the nylon filaments were arranged, in a 
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resonant cavity, with their axes parallel to the electric fiel 
and these results lead directly to a value for the dielectri 
constant of nylon at this microwave frequency; but in othe 
measurements, made with the electric field perpendicular 
the fibre axis, they found it necessary to use an empirice 
equation in order to derive the true dielectric constant. Th 
measurements made by Hearle (1954, 1956) at low and radi 
frequencies also give only an ‘apparent dielectric constan 
of nylon. 

It appeared useful therefore to supplement the existin) 
data by measuring the dielectric constant of nylon filament 
in a transverse electric field at frequencies well below thi 
microwave region, and recent theoretical calculations by 
Mack (1955a, b) made this possible. Although the metho} 
now described was only used for nylon, it also applies to an! 
fibre with a circular cross section. 


Apparatus 


The method of measurement is to bring the filamer 
whose dielectric constant € is to be determined into t 
centre of a parallel-plate capacitor and measure the resultin 
increase dC, in capacity which is given by the equation 


5c. = (aps tanh 55) | (C1 - Se) 


where 6 is the radius of the filament, H the length of t 
capacitor, B the width and D the distance between the plate 
Although Eqn (1) applies strictly to a section of a capacit 
with infinite plates, it is likely to give a very close approx 
mation to the change in capacity of the capacitor used i 
this experiment (see Appendix 3). The increase in capacit 
is inevitably small because of the fineness of a single filame 
and if it is to be measurable, the capacitor must be long an 
narrow, with the plates set very close together (e.g. 0-007 c 
to 0-014cm). With such a small separation, the plates mus 
be accurately parallel and as flat as possible. This wa 
achieved by using silvered optical flats as the capacitor plates 
and an interferometer device to set them parallel. 

To ensure adequate conductivity of the capacitor plates 
the glass surfaces were silvered much more heavily than fo! 
normal optical purposes, and the necessary low-resistanc: 
contacts with the silver were produced by extending th: 
coating to cover ‘terminals’ of silver wire set in the bevels a 
the top and bottom of the plates. By masking the glas 
surface suitably with two straight edges during the silve 
evaporation, the ‘live’ capacitor plate was restricted to ; 
strip one millimetre wide, close to one edge of the first glas 
plate. A much broader strip was deposited on the oOpposin; 
surface of the other optical flat to serve as the earthed plat 
of the capacitor. 


= 
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The instrument in which the capacitor plates are mounted 
s based on a Hilger design (Pollard 1929) and uses kinematic 
wrinciples, but its form was modified considerably to meet 
he particular requirements of this experiment. A drawing 
if the apparatus can be seen in Fig. 1. Each glass plate A, B 


Ly 
\ 


supported by a horizontal table C, D respectively; one of 
aese C can be tilted about two axes at right angles, and the 
ther D translated in a direction normal to the plates in 
rder to set the two optically flat surfaces accurately parallel 
mith any desired spacing. The control screws E, F, G which 
re used for these adjustments are provided with micrometer- 
type screw-threads for fineness of control, and a further 
2n to one reduction in movement is produced by first-order 
vers H, J, K respectively. 
iJ Any lack of parallelism of the plates can be detected by 

oting the fringe pattern, which is formed by multiple reflec- 
ons at the optical flats. These were partially silvered in the 
“reas not already occupied by the capacitor plates in order 
make the fringes sharper and more intense. The optical 
aystem used is shown schematically in Fig. 1. A sodium 
amp L, with a diffusing screen M, provides the illumination 
nd two 14 in. f/5-6 lenses act as collimator N and collecting 
Jens O. The fringes are viewed by transmitted light. If the 
ir-space between the optical flats is wedge-shaped, the 
ontour’ fringes which are formed in or near the plates can 
e seen directly through the sighting tube P, but when the 
o surfaces are exactly parallel, a new system of circular 
‘Haidinger’) fringes is formed at infinity, and to see these 
>is necessary to use additional lenses as shown in the drawing. 
4;hese are two simple lenses, the objective having a focal 
tongth of 10 cm and the eye-piece 20 cm. 
} With the smallest values of the plate separation D used in 
‘his experiment, the position of the nylon filament in the 
apacitor is very critical and the maximum deviation from 
he mid-plane which can be tolerated is about 0-01 mm 
|Appendix 1). The mechanism which is used to transport 
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the filament into and out of the capacitor was kinematically 
designed and operated well within the prescribed tolerance. 
It consists of an arm Q, clamped at one end to a horizontal 
shaft R which rests in two vee-blocks T and can therefore 
rotate, but is located in the axial direction by associated 


Bigs 


pressure plates. The specimen S is held between two 
mounting stages which are attached to this arm by spring- 
steel hinges and each end of the filament can be moved inde- 
pendently in two directions by adjusting screws. Micro- 
meter heads U are used for the more critical adjustment of 
bringing the filament into the mid-plane between the capacitor 
plates, and set-screws V for movement parallel to the plates. 

With the microscope W it is possible to observe the nylon 
filament while it is actually in the capacitor and with suitable 
illumination, multiple images of the filament can be seen, 
due to successive reflections at the silvering, and these provide 
a sensitive indication of its centrality between the plates. 
The microscope can be raised by a rack-and-pinion to cover 
the whole extent of the capacitor, and by sliding the micro- 
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scope carriage over a quadrant its axis can be turned through 
a right angle, and the filament viewed against the background 
of the ‘live’ capacitor plate. For this purpose the other plate 
B can be displaced slightly to one side. A micrometer eye- 
piece is fitted to the microscope for measurement purposes. 
Figure 2 shows the general arrangement of the apparatus 
in schematic form. Since the capacity increase (6C,), which 
has to be measured, is so small (0-05 pr), a resonant frequency 
method was adopted in which the silvered glass plates A 
and B form the tuning capacitor of a radio-frequency oscil- 
lator (C, in Fig. 3) and a change in capacity is transformed 


To 200V D.C, 
~ regulated 
supply 
100pF 1509 
ali Cs Ry 
= 
a RFCI 
a R 
C,] 500 pF ! ree To 63VAC. 
Se 100002 + -====> requlated 
Ce supply 
[000s HF 
| | 
Fig. 3. 


into a change in frequency, which can be measured accurately. 
The circuit of the Clapp oscillator was chosen because of its 
low tuning capacity and good frequency stability. If C is 
the effective capacity in parallel with a coil, of inductance L 


4n2f2LC = 1 (2) 
Sf 8c 
and hence —F = 36 (3) 


where f is the frequency of oscillation. Since C includes the 
stray capacity of the circuit this should be kept as small as 
possible for maximum sensitivity. Accordingly a rigid, air- 
spaced coaxial lead of low capacity is used to connect the 
capacitor to the coil which is screened by a copper box of 
suitable dimensions. The other components of the oscillator 
are suitably mounted on a separate chassis in an arrangement 
which minimizes the effect of the valve heat-dissipation on 
the rest of the circuit. Operating conditions are kept as 
nearly constant as possible by the use of stabilized power 
supplies. By choosing suitable values for the space between 
the capacitor plates, the oscillator frequency can cover the 
range of 6 to 7 Mc/s. 

In order to increase the accuracy of measurement, the 
oscillator signal is mixed with an approximately equal 
standard frequency to produce a difference frequency which 
is in the audible range. The frequency standard which was 
used for this purpose is based on a 100 kc/s crystal, and its 
r.f. output contains all the harmonics of this frequency. The 
measurement procedure is therefore to tune the receiver to 
the desired frequency, which can be any multiple of 100 kc/s 
in the range 6 to 7 Mc/s and adjust the Clapp oscillator until 
the beat frequency falls to zero. When the nylon sample is 
brought into the centre of the measuring capacitor, the 
resulting change df in oscillator frequency appears directly 
as a beat frequency. It can be heard in the headphones and 
measured, by the method of Lissajous figures, with the 
oscillograph which forms part of the frequency standard, and 
a low-frequency signal generator. The scale of the signal 
generator was checked against a 1kc/s signal from the 
frequency standard, by the same method. 

The receiver scale too was calibrated against the frequency 
standard with an auxiliary 3-5 Mc/s crystal oscillator to 
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produce marker signals; in an actual measurement of dj 
electric constant, however, the receiver scale is only used 
identify the particular harmonic of 100 kc/s which is beiry 
used. | 

When adjusting the Clapp oscillator for zero beat frequenc; 
it was found convenient to have a visual indicator as well ¢ 
the headphones, and for this purpose a 50 c/s signal We 
applied to the X-plates of the oscilloscope. 

As shown in Appendix 2, the circuit of the Clapp oscillate 
is equivalent to Fig. 4, in which C, represents the measurit 
capacitor (formed by the silvered glass plates), and Co L 
stray capacity. C, + Co is therefore identical with C, < 
Figs 3 and 7(a). Cy, is the stray capacity across the coil, ar 
Cy is the effective capacity of the two series capacitors C 
C;, together with the capacitors C4, Cs and the associate 


inter-electrode capacities of the valve (see Fig. 7(a)). _Hene 
the equivalent tuning capacity C, across the coil is given 0 
the equation: | 


rae oe 
Cx 2 
C= Chis iC eG eR 
- dC, 
ff Rice SOE 


Combining this result with Eqns (1) and (3), and putti 
tanh 7B/2D = 1 (see Appendix 1) 


f 4D? se +1 
Cll + (CL Cp/Cayvor Ce 


and hence ag 


4x2 
Byal 


( 


Measurement of circuit constants L, Cl, Ca 


In order to find the circuit constants of the Clapp oscillat 
the measuring condenser C, was replaced by a variable a 
condenser Cy and the relation between its capacity and t 
oscillator frequency f was determined over a range of fr 
quencies which included those actually used in the expe 
ment and extended some distance on either side. Althou 
the graph of 1/f against Cy, was not linear, due to the effe 
of the coupling condensers, it was possible to extrapola 
the curve slightly and find the stray capacity Co associat 
with the leads to the calibration capacitor. According t 
Eqns (2) and (4), the relation between 1/f? and 


C+ C5 
1 (Ce CyiCe 


should be linear and this was found to be the case provide 
that the calculated value of 270 pr was used for Cy, (se 
Appendix 2). From the gradient and intercept of th 
straight line, the inductance LZ of the coil was found to kt 
18-2 x 10-°H, and its stray capacity C,,6-3pr. Wit 
larger coupling capacitors (C, = C3; = 980 pF) a line 
relationship was again found, and values of 18-5 x 107°: 
and 6-55 pr were found for Z and Cy respectively. 
Although not required for the determination of the dielec 
tric constant, it was interesting to calculate Co, the stra 
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japacity associated with the tuning capacitor. It proved to 
‘ye rather larger than expected but was sensibly constant, 
‘janging from 14-7 cm at 6-0 Mc/s to 14-9 cm at 6-5 Mc/s 
nd 14-6 cm at 7:0 Mc/s. 

‘) The circuit constants Cy, Ca are probably less accurately 
‘mown than the inductance L, but they have less effect on 
ijhe final determination of dielectric constant (see Eqn 5). 


sly 
Measurement of linear dimensions b, H, B, D 

The radius 6 of each filament was determined by weighing, 

ssuming a density of 1-14 gcm~? for nylon. Two filaments, 
‘sand B, from the same multifilament yarn, were each sub- 
ec into shorter lengths (Al, A2, B1, B2) for the dielectric 
‘“neasurement. Neither filament seemed to vary significantly in 
jiameter along its length, but B was about 10% larger than A. 
‘heir radii were 9-83 (Al), 9:89 (A2), 10-87 (B1) and 
0-86 (B2) microns respectively. 

The dimensions of the capacitor plates were measured with 

travelling microscope and the results are: B = 0:1082 cm 
nd H = 11-82 cm for the live plate and H = 11-76 cm for 
ae earthed plate. The distance D between the plates is 
ariable and must be determined for each frequency at which 
ielectric measurements are made. Changes in D can be 
yeasured accurately, using the interferometer system, by 
qjounting the number of fringes which appear as the plates 
iyre moved, and this method was used to determine increases 
1 D as the oscillator frequency was raised in successive steps 
f 100 kc/s. The actual values of D in arbitrary units can be 
etermined with the microscope W and its micrometer ‘eye- 
iece’. It was not possible to focus on the edge of the plates, 
ut a filament was put between the capacitor plates so 
nat measurements could be made of the distance (2D) 
etween images of the filament. The magnification of the 
“hicroscope had been determined previously, but it was 
gund to vary so much with the setting of the focusing 
ontrol that no reliance could be placed on the calibration. 
sy measuring the distances between images at two different 
-equencies, however, without refocusing the microscope in 
etween, the ratio D,/D, of the two distances could be 
etermined, and from this their absolute values calculated 
|sing the results for D,— Dy, already obtained. 
‘| The resulting values for D at the various frequencies are 
yaown in Table 1; the two sets of figures correspond to two 
‘sparate determinations of the ratio D,/D,, the first at 6-6 
‘nd 6-1 Mc/s (D/D; = 1-724), and the second at 6:7 and 
v 


-4 Mc/s (D2/D, = 1-428). 


it 


Table; 1. 
hits «6-0 6-1 6-2 6-3 6-4 
0:00660 0-00730 0:00809 0-:00898 0-01001 
D (cm) 


0:00636 0-00706 0-:00785 0:00875 0-00977 


Measurement of dielectric constant 


il The dielectric constant of a filament can be calculated from 
lie foregoing parameters and the change df in oscillator 
‘equency on bringing the filament into the measuring 
fapacitor (see Eqn 5). This ranged from 1-72 ke/s (when 
| = 6-70 Mc/s) to 4-61 ke/s (when f = 6-10 Mc/s). 

| According to Eqn (5) there should be a linear relation 


ah 
CHL + (Cy + Co)/Ca}f 
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“| = 


200 x 10 ° 


0 50 


100 
D? (cm?) 
Trikes 5). 


150 


and D?, and this is confirmed by the results, which were 
obtained with sample Bl (see Fig. 5). The lines, corre- 
sponding to the two sets of readings for D given in Table 1, 
have slightly different gradients and the derived figures for 
the dielectric constant are 2-98 and 2-91 giving a mean value 
of 2:95. Neither line intersects the y axis at the point 
—47?/3H (i.e. —1-1) predicted by the theory, however, but 
in view of the extent to which errors in D affect the intercept, 
this discrepancy is clearly not significant. 

The theory also predicts that 6f « b? (neglecting the small 
term 477/3H) and this, too, is borne out by the results, 
within the limits of experimental error. Thus, taking the 
average of the measurements for Al and A2, df/b? = 
33-8 x 108cm-2s~—!, while the corresponding value for 
Bl is 33-9.* 10° cm7*se% 


Discussion 


The results show a satisfactory agreement between theory 
and experiment as far as first-order terms are concerned, even 
though the capacitor plates are not infinite as the theory 
assumes. Experimental errors are too large to allow the 
second-order term in Eqn (1) to be checked. 

The value of 3-0 for the nylon filaments is slightly less than 
the figures given by Rushton and Russel (1956) for bulk 
nylon (3:1 to 3:4 according to the moisture content), by 
Errera and Sack (1943) (3-15 to 3:18) for filaments in a 
transverse electric field and by Shaw and Windle (1950) 


Distance D between capacitor plates at different frequencies f 


6:5 6:6 6:7 6:8 6-9 7:0 
0:01120 0:01258 0-:01419 0:01608 0:01837 0-02115 
0:01096 0-01234 0-01395 0:01584 0:01813 0-02091 


(3:09 to 3:18) for an axial field. In view of the cumulative 
effect of experimental errors on the value of the dielectric 
constant derived from the present experiment, however, 
these differences are not significant. 


Appendix 1 


The change in capacity of a parallel-plate capacitor due to a 
non-central cylindrical dielectric 


The change 6C, in the capacity of a parallel-plate capacitor 
of length H due to the presence of a dielectric cylinder of 
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Fig. 6. 


radius b between the plates in the position shown in Fig. 6 
is given by the equation: 


sinh (z1,/D) sinh (zl5/D) 


OF FILAMENT NYLON IN A TRANSVERSE FIELD 


grid-cathode, anode-cathode, anode-grid, and mel 
cathode capacities of the valve. (The effect of the chok 
R.F.C.1 is ignored since its resonant frequency is very mu 
higher than the oscillator frequency; R;, R2 and R; are als 
neglected in considering the equivalent capacity.) 

The portion of the circuit (shown dotted) between A and 
is equivalent to Fig. 7(b), where Cy = Cyy + Cag (lL + Cgx/ Ca} 
and Cg = Cyy + Cag(1 + Cax/Cgx). This result is obtaine 
by replacing the capacity C,, by the equivalent pairs ¢ 
capacitors, in series, whose capacities are in the same rati 
as C,, and C,,, and combining them with Cy,, Cay respet 


——t 


sinh (7/;/D) sinh (7/5/D) 


223 D- 


neglecting terms of the order of 6°. (This is equivalent to 
Eqn 2.2 in the paper by Mack (1955b).) Since the maximum 
value of a cosine is 1, and cosh (1-7 7) = 100, variations in 
T cannot change the numerator by more than 1 % if //D > 1-7, 
and with the values of 2-5 or more adopted in this experi- 
ment, the effect is less than 0-1°% and can be ignored. The 
denominator can be written as 


e+l ab? 


wb 
ft" 3p? OT 


ap °° 


JE 
— P? where P = t ss) 


D 


and hence if the effect on dC, of deviations from the 
mid-plane is not to exceed 0:5°% then P must not be more 
than 0-1 (assuming ¢ = 3). Thus, if b = 0-001 cm, and 
D =0-0073 cm (the smallest spacing used for the actual 
measurement of dielectric constant), 7/D must not be less 
than 0-362. This corresponds to a deviation 6(= 4D — T) 
from the mid-plane of 0-138D or 0-001 cm. The maximum 
permissible deviation when D=0-:014cm (the largest 
spacing used in the dielectric measurement) is 0-0033 cm.* 

The effect on 5C, of displacing the filament parallel to the 
plates is less marked. For example, putting 7/D = 1/2 in 
Eqn (6) we obtained the simpler relation 


Deets » tanh (z//D) 
~ §D2"(e + 1)(e — 1) — 7262/3 D2 


and since tanh (0-955 77) = 0-995, tanh (7//D) will differ 
from 1 by not more than 0:5% if /> 0-:955D. Even in the 
least favourable case, therefore, where D = 0:014cm and 
1, + 1, ~ 7D the deviation from the centre of the capacitor 
can be as much as 2:5D (i.e. 0:35 mm) without introducing 
an error of more than 0:5% in dC,. 


8c, 


Appendix 2 


The circuit of the Clapp oscillator (Fig. 3) is equivalent to 
Fig. 7(a) where C,,, Czy, Cag and Cy, are, respectively, the 


* Substantially the same information is available from 
Table I(a) of the Memoir by Mack (1955b) which, allowing for 
slight differences in nomenclature, tabulates 


é — 1/22b2 -1 

a Mee 2 = 
! eal spe +P) : 

as fractions of a thousand. 


(e + Die — 1) — (77b/2D)*{cosec* (7T/D) + 4} 


({ 
j 
tively. There is, therefore, an effective capacity C4C,/(C4+C 
in parallel with C,, and a capcity CsCg/(Cs + Cg) in parall 
with C,; and Cy,. Hence the circuit to the right of DE 3 
Fig. 7(a) can be replaced by a single capacity C, (as in Fig. 4 
where: 


1 1 1 
~_ af : 4 
CO. GLC 4tG), GeO ea 
C 
D 
He = 
| | C4 A 
pa Pere cr —- ie 
i cts 1 Cc “7? 
Bee 3 A fs Sees 
( [Chip csp He pi 
i pa : 
u ¢ 


(0) 
Fig. 7. 


With the measured values: C; = C; = 496 pr, C, = 100 
C; = 0-01 uF and assuming the figures given by the vals 
data sheet: C,, = 3:4 pF, C,, = 0°36 pF, Cy, = 4°8 pF a 
Cgk = 67-5 pF (which allows for the Miller Effect, assum] 
a stage-gain of 25 for the two sections of the valve combine 
Eqn (7) gives Cs = 270°6 pr. Similarly if C, = C; = 980 
and the other parameters are unchanged, Cy, = 513-4 
This compares with the value of 508 pF which was fo 
empirically to give the best linear relation between 1/f? a: 
(Ca (Co Opi 


Appendix 3 | 

(a) Edge-effects in parallel-plate capacitors | 

From the theory of edge effects in parallel-plate capacito 

(Jeans 1920) the field E at the point (x, 0) in the mid-plas 

between two semi-infinite conducting planes is given by tl 
equation: 


Mack agrees that an error has arisen in the equation given in 7Ri/h 
section 3.1 of his Memoir which should read: © GIREEq 
E = 2D26C/kb2 = 8D2A/kb2. ec a 
Hence, if we equate the numerator in Eqn (6) to four, and put h 
OCx/H = OC, we find that € — 1 is equal to the expression given where eS “(1 + eR +. =) ( 
above. 7 R 
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‘jand the potential difference between the plates is 27R (see 
Fig. 8). Asu—>— oo, x—> + coand E> 7R/h(= E,, say). 
“From the above equations we have, when x/h = 1-14, 
E/E. = 0-990, 


and when x/h =1-88, E/E, =0-999. 
( v 
t 
V0 sn 
; h 
y fe) x 


V=27R 


> 


| Fig. 8. 


a the field mid-way between the plates is sufficiently 
‘faniform at distances greater than about 2h from the edge, 
where 2h is the separation of the plates. 

Similarly, the field mid-way between an infinite and a semi- 
infinite plane reaches 0:9995 of its maximum value at a 
‘distance from the edge equal to the separation of the plates. 


In the present experiment, therefore, with the limits on 
centring specified in Appendix 1, the nylon filament is 
orought into a region of uniform electric field, and the dipole 
moment induced in the filament will be the same as if the 
capacitor plates were infinite. According to Mack, the 


| The capacity of the capacitor shown in Fig. 8 can be cal- 
culated from the equation: 


q = Hu, — up)/4r (9) 


4where g is the charge on the portion of the conductor bounded 
dy the lines u = uw, u = uy and H is its length in the direction 
yerpendicular to the xy plane. For the upper plate: 


h u 
==, SAS 1) 
s =(e R 


ind if w,, uw, are the solutions of this equation for a given 
yalue of x, then q is the charge on the strip of width x 
yordering the edge. The corresponding capacity is g/V, where 
\7is the potential difference between the plates and hence if 
i\ = (q/V) — (Hx/47D), A represents the increase in capacity 


(10) 
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of the parallel-plate capacitor due to the edge. There are 
two cases: (i) where one plate is semi-infinite and the other 
infinite, ie. D = H and V = 7R; (ii) where both plates are 
semi-infinite, i.e. D = 2h and V = 27R. 

Table 2 gives both these corrections (A,, A, respectively) 
for a strip of the same width (B) as the capacitor used in this 
experiment, and with values of D appropriate to the given 
frequencies. The outer edge of the measuring capacitor, 
where both plates terminate simultaneously, is assumed to 
correspond to case (ii), and the inner edge, where the earthed 
plate continues well beyond the other, to case (i). As a first 
approximation, the capacity C, of the capacitor is taken to 
be (HB/47D) + A, + Ad. 


(b) Edge-effects in a parallel-plate capacitor terminating in 


45° bevels 
In this case the field E at a point (x, 0) = 7R/rh, where 
x= — 4r+ log(r + 1)/7 — 1) + 2tan—!r, and as r goes 


from oo to 1, x increases from —oo to +00 and E from 0 
to wR/h. From these equations E/E, = 0:999 when 
x/2h=0-82,and hence thefield is substantially uniform beyond 
this point. By considering the charge distribution on the 
plates, and inserting values for the dimensions of the capacitor 
which are appropriate to this experiment, the increase in 
capacity due to the bevels can be shown to vary from 0-19B 
to 0-26B over the range of dimensions D given in Table 2. 
Since B = 0-1 cm, this correction is small. 


Table 2 
F (Mc/s) 6:0 6:2 6:4 6:6 6°8 de0 
D (cm) 0-006 60 0-008 09 0-01001 0-01258 0-01608 0:02115 
HB/47D (cm) 15-41 WZ eSii 10:16 8-08 6°33 4°81 
A, (cm) 1-50 1-45 1:39 1-33 1:26 1-19 
A, (cm) 0:85 0:82 0:79 0:76 0:72 0:69 
Ge (em) 17:76 14-84 12-34 10-17 8°31 6°69 


According to Mack, the result given in Eqn (1) still applies, 
when the dielectric cylinder is brought into this type of 
capacitor, but the effective length H of the capacitor is 
reduced by 0-075B. This is negligible in the present 
experiment. 
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Abstract 


A theoretical treatment of the turbidity of monodisperse 
emulsions is discussed and its application to polydisperse 
systems indicated. Modifications required to commercial 
spectrophotometers for carrying out spectroturbidimetric 
studies are described. The determination of both mean 
globule size and concentration of the suspended phase in 
homogenized emulsions is illustrated. 


1. Introduction 


ECENT advances in the theory of light-scattering, 
R vee: with the increased availability of commercial 


spectrophotometers, have led to a renewal of interest 
in the spectroturbidimetry of emulsions. Although light- 
scattering theory is only readily applicable to emulsions in 
which the suspended particles are all of the same size, many 
emulsions can be treated as monodisperse suspensions from 
the point of view of light-scattering. Most of the original 
studies were carried out using suspensions of polystyrene 
spheres of uniform particle sizes, but more recent work has 
demonstrated the value of the method in the study and 
quantitative analysis of homogenized milk and other dairy 
products. 

An emulsion owes its characteristic ‘milky’ appearance to 
the effects of light-scattering, which cause some of the 
incident radiation to be deviated from its original direction. 
Such scattering phenomena are always present when a 
discontinuity in refractive index occurs, but if the refractive 
indices of the two phases are equal, scattering is eliminated 
and the emulsion appears as a clear liquid. 

In the case of coloured emulsions, either the suspended 
phase or the suspending medium shows absorption in the 
visible region of the spectrum. The theoretical treatment of 
scattering in the presence of absorption by the suspended 
phase is very complex, and it is fortunate that many emulsions 
of biological or technical interest show little or no visible 
absorption. When absorption bands do occur, it is often 
possible to avoid their effects by selecting regions of the 
spectrum where absorption is absent. 


2. Theory of light-scattering by emulsions 


In applying light-scattering theory to emulsions, it is 
assumed that the suspended particles are spherical in shape 
and that they are sufficiently far apart to keep errors due to 
multiple and coherent scattering below the photometric 
errors. This can readily be ensured experimentally by 
selecting emulsion dilutions for which the optical density is 
directly proportional to the concentration of the suspended 
phase. 

Lothian and Chappel (1951) have shown that the attenua- 
tion of a beam of radiation by a suspension of non-absorbing 
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spheres of radius r at any particular wavelength is given by 
I = Ip exp (—7r7/Kv) (1 


where Jy is the intensity of the incident beam, J is the intensit} 
of the transmitted beam, / is the optical path length and v 1 
the number of spheres per unit volume. The factor K is th 
scattering coefficient, defined as the ratio of the scattering 
cross section to the geometrical cross section and has value: 
between 0 and about 5. The optical density D is defined a: 


D = log (1p/1) (2 


D = mr’lKv log e. (3: 


so that 


If the concentration of the suspended phase in the origina: 
emulsion is x g/100g emulsion and if each gram of emulsion 
is diluted to a total volume of y ml. before spectroturbidimetri¢ 
analysis 


(4/3)ar3vp = 0-01(x/y) ( 


where p is the density of the suspended phase. Eliminatio 


of v from Egns (3) and (4) gives 
D = 65-15(x/y)(/p)(K/d) (5 


where /, the optical path length, is expressed in centimetre 
and d, the globule diameter, is expressed in microns. It i 
often convenient to express the turbidity of a diluted emulsio 
in terms of £}%,, i.e. the optical density of a 1cm pat 
length of a diluted emulsion containing 1% (wt./vol.) o} 


suspended phase, 
° Diy 
FS, = 7(3). © 


Substitution of D from Eqn (5) gives 


B% = 65-15(5) (5). (7: 


In the particular case of homogenized milk, it is convenien’ 
to carry out the dilution by volume and to obtain an E{%, 
value which includes a factor for the density of milk. This 
expression has previously been called the turbidity inde» 
and given the symbol T (Goulden 1960) to avoid confusior 
with the more general case of E}“%,. Some other worker: 
prefer to define the symbol 7 for the specific turbidity fror 
the equation | 


— Io e 7 (8) 


ie. T equals mr?Kv of Eqn (1). 
Hence it can be shown that 


D ° 
re 2-303(=") = 2-303(5 EI % (9 
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Theoretical calculation of K values 


As early as 1908, Mie derived exact theoretical equations 
or the evaluation of K values for colloidal spheres. At the 
ime, these equations were too complex to be evaluated for 
ul except the smallest d values and it is only since the intro- 
luction of electronic computers that accurate K values for 
he larger particles have become available. Two sets of 
iccurate K values have been published. Those of Heller 
1957a,b), Heller and Pangonis (1957) and Heller and 
McCarthy (1958) are particularly useful for emulsion studies 
ind the data of Gumprecht and Sliepcevich (1951) apply to 
yarticles of higher refractive indices. 
| A most useful approximate solution has been derived by 
‘an de Hulst (1957) from the principles of physical optics. 
{his solution applies particularly to cases where the globule 
,|izes are of the same order as, or greater than, the wavelength 
pf the radiation and where m, the ratio of the refractive 
,jadex of the suspended phase (n,) to that of the suspending 
,,aedium (7) approaches unity. For many homogenized 
,|mulsions, the globule diameters are in the range 0-5 to 
| microns and since m ~ 1-1, the van de Hulst equation 
-|pplies with a fair degree of accuracy for radiation in the 
\}isible region. In practice, the exact Heller—Mie solution is 
ormally used to the limit of the published data, i.e. d ~ 2 p, 
jnd the van de Hulst equation for the larger globule 
‘jameters. 

_ The factor K is a function of both m and the globule-to- 


int 


4 md 
it 


yhere ,, is the wavelength of the radiation in the medium of 
iefractive index nm» and Xo is the wavelength in vacuo. For 
ractical purposes, Aj can be taken as the wavelength in air, 
e. as marked on the spectrophotometer wavelength scale. 
In general, K is an oscillatory function of « approaching 2 
t very high « values. Goulden (1958b) has used the van de 
sIulst equation to evaluate the (K, «) curve for milk-fat in 
awater where m = n,/n,, = 1-452/1-333 = 1-09. At high m 
#alues, small ripples appear on the sides of the K curves but 
re not observed for m values as low as 1-1. In the most 
xact calculations, variations in 1, and n, with both wave- 
sngth and temperature must be allowed for. 


. Determination of mean globule diameters in homogenized 
emulsions 


Using the calculated K values, Eqn (7) can be used to 
emonstrate the effects of changes in globule diameter on the 
71% values at a series of wavelengths. Fig. 1 shows the 
turves calculated for wavelengths of 0-5, 1-0 and 1-5 y, for 
jn m value of 1-09. 
4; As can be seen from the curves in Fig. 1, the turbidity is 
elatively insensitive to the small globules and, since the large 
lobules are reduced in size during the homogenization 
rocess, homogenized emulsions approximate to mono- 
isperse systems from a spectroturbidimetric standpoint. 
‘his approximation becomes better at higher homogenization 
ressures where the globule diameters are smaller. 


Single-wavelength method 


Where the concentration of the suspended phase is already 
nown, curves similar to those of Fig. 1 can be used to 
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Fig. 1. E} 7 as a function of globule diameter at wavelengths 
1-5 uw (---), lu (— - —- — ,OS5 uC). m= 1-090. 
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Fig. 2. Ratio of E!” 


lcm 
as a function of globule diameter. 


values at wavelengths 0-5 and 1-0°u 
m = 1-090. 


read-off d values from the EF}, values found by experiment. 
Measurements made at shorter wavelengths are more sensitive 
to changes in globule sizes, provided the diameters are less 
than about 2 microns. For larger globule diameters, Ej %, 
is multivalued so that it is preferable to use the longer wave- 
lengths for emulsions containing slightly larger globules. As 
shown by Bateman, Waneck and Eshler (1959) in their 
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detailed studies of the spectroturbidimetry of polystyrene 
latex emulsions, the single-wavelength method provides the 
most accurate d values. 


Double-wavelength method 


In some cases, the concentration of the suspended phase 
is unknown so that d must be evaluated by a less accurate 
method using extinctions measured at two or more wave- 
lengths. 

It can be shown that the ratio of E}%, values at two 
different wavelengths is a function of the globule diameter, as 
illustrated in Fig. 2 for the wavelengths 0-5 and 1:0 p. 

Equations (6) and (7) show that for any particular globule 
diameter E,/E, = K,/K, = D,/D2, where the subscripts 
refer to the wavelengths 1 and 2. Thus for the same emulsion 
dilution, the ratio of the optical densities at two suitable 
wavelengths can be used to determine d without a knowledge 
of the concentration of the suspended phase. 


4. Determination of the concentration of the suspended phase 


For emulsions in which the particle size distributions are 
the same, Eqn (5) shows that a linear relationship holds 
between the optical density and the concentration of the 
suspended phase, analogous to the Beer’s law relationship 
for absorption. Where possible, it is preferable to use the 
wavelength of maximum extinction to obtain the greatest 
concentration sensitivity, coupled with the minimum errors 
due to variations in wavelength. These conditions apply at 
the first maximum of the (K, «) curve. 

Errors due to small variations in particle size distribution 
can sometimes be eliminated by suitable choice of wavelength. 
From the (K, «) curve it is possible to derive a relationship 
between K/« and « as shown in Fig. 3. Near the maximum 


— 


, 
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Fig. 3. 


Calculated relationship between K/« and « for 
m = 1-090. 


of this curve, K/« can be taken as constant, ie. KA/d is 
constant. Ata suitable fixed wavelength, Eqn (7) shows that 
Fi Ze is no longer dependent upon d. Meehan and Beattie 
(1961) have applied this method to polydisperse silver bromide 
suspensions where the almost two-fold range in d value was 
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narrow enough for K/a to be regarded as constant. In a 
case the high m value of 1-75 leading to an « value of abo 
for the (K/«, «) maximum makes the method applicable. 
suspensions with particle diameters of about $ micron wh 
visible radiation is used. For oil-in-water emulsions, 
an m value of about 1-1, the corresponding globule diame 
is about 2 microns for visible radiation. 
Most biological and technical emulsions show variatic 
in the size distributions of the suspended globules. Wh 
such emulsions are homogenized sufficiently well for spect 
turbidimetric studies, the mean globule diameters are usu 
of the order of one micron and, as can be deduced fre 
Fig. 3, the above technique could only be satisfactor 
applied using short wavelength ultra-violet radiation. 
the study of such emulsions with visible radiation, the tw 
wavelength method can be used to obtain a value for d, whi 
then allows the concentration of the suspended phase to > 
determined from either of the two E{%, values. As shoy 
in Fig. 4, it is convenient to prepare a working graph | 
E;, against the optical density ratio, using a series | 
diluted homogenized emulsions of known concentrations bi 
of differing and unknown mean globule diameters. TH 
relationship can also be calculated theoretically, enabling: 
scale of d values to be included. Fig. 4 demonstrates t) 


\ Globule diameter (y) 
Sai 10 0-9 0-8 O7 0-6 | 
laa T a Li | 


Bae ais, [eee |: 
28 - 3:0 a2 3-4 3-6 
Optical density ratio Do5p/Do.op 


Fig. 4. Relationship between E Wee at 0-9 w and the optical 
density ratio for ice-cream mixes of m = 1-096. 
© experimental values, — — — — — calculated relationship. 


good agreement obtained between the theoretical a 
experimental values for a series of homogenized ice-crea: 
mixes in which m = 1-096. 


5. Experimental requirements 


The optical requirements for turbidimetric determinatioz 
from extinction measurements are more stringent than tho: 
for normal absorption measurements. Since commerci 
spectrophotometers are designed primarily for carrying ot 
absorption measurements with clear solutions, some modific: 
tions are normally required before spectroturbidimetr 
studies can be carried out. 

It can be shown from diffraction theory that the radiatic 
scattered by a particle becomes increasingly concentrated | 
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\the forward direction as « and m increase, i.e. as either the 
\particle size or the refractive index ratio increases, or as the 
‘wavelength decreases. This is illustrated qualitatively by 
ihFig. 5. 


noe => 


Increasing @ —_» 


it Fig. 5. Effects of « = azd/Am on the distribution of the 
“) radiation scattered by a single particle. Incident light beam 
| travels from left to right. 


'} In photometric measurements made with clear solutions, 
ijonly the radiation which is not attenuated by absorption 
teaches the detector, but for translucent samples some of the 
i|scattered radiation will also reach the detector. Thus the 
wwmeasured optical density will be less than the theoretical 
,|7alue by an amount which depends upon the proportion of 
‘ scattered radiation reaching the detector. Since the scattered 
,adiation falls off in intensity according to the inverse-square 
jaw, a detector placed a long way from the sample will 
‘hollect a negligible fraction of the scattered radiation and 
“fvill give a true optical density reading. 

| Detailed studies of the requirements of optical systems 
varried out by a number of workers (Lothian and Chappel 
/951, Gumprecht and Sliepcevich 1953, Heller and Tabibian 

956, 1957) have shown that the angles subtended at the 
ample by both the detector and the source should be as small 
is possible, particularly for high « values. Although 
pecially designed instruments have been constructed by 
vewis and Lothian (1954) and by Heller and Tabibian (1957) 
or studying suspensions of large particles with high refractive 
ndices, i.e. large « values, Bateman, Waneck and Eshler 
1959) have shown that a standard Beckman DU spectro- 
hhotometer can be modified for studies of the turbidity of 
olystyrene latex emulsions (m = 1-20), by interposing a 
ystem of lenses and apertures between the sample compart- 
aent and the photocell box. For spectroturbidimetric 
tudies on fat emulsions (m ~ 1:1), Goulden (1960) has 
hown that sufficiently accurate optical densities can be 
‘btained at longer wavelengths with a Unicam type SP500 
pectrophotometer, provided the photocell box is placed 
‘bout 10 in. away from the sample compartment. 

For most applications of spectroturbidimetry, a narrow 
pectral bandwidth is unnecessary. A simple filter instru- 
laent can therefore be used in place of a more expensive 
‘ljastrument incorporating a monochromator. The effective 
yavelength of the particular filter-detector combination can 
asily be determined from an examination of the same 
mulsion at a definite wavelength with a suitable spectro- 
mhotometer. Goulden (1958a, 1960) has described modifica- 
ihions to the Hilger Biochem Absorptiometer which enable 
urbidity measurements to be carried out. 


6. Polydisperse emulsions 


4 In principle, light-scattering techniques can be applied to 
4olydisperse emulsions and it is possible to calculate the 
urbidity spectrum from a knowledge of the complete globule 
ize distribution. This calculation involves the summation 
|f the turbidity contributions from each globule size group 
ta series of wavelengths using the values of UK;jpj\d;7/Xpid,, 
yhere p; is the proportion of globules of diameter d; having 
|cattering coefficient Kj. Goulden (1958b) has applied this 
lreatment to non-homogenized milk samples and has shown 
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how the spread of globule sizes reduces the customary sharp 
change in optical density with wavelength to a very flat curve. 

From an analytical standpoint, the reverse process of 
determining a size distribution curve from turbidity measure- 
ments is more important and Wallach, Heller and Stevenson 
(1961) have recently shown that by assuming a standard 
mathematical form for the distribution curve, various size 
parameters can be deduced from turbidity measurements 
made at several wavelengths. Except for the specific m 
values for which parameters are given, an electronic computer 
appears to be required for the analysis of the data. 


7. Practical applications of spectroturbidimetry 


Determination of the fat content of homogenized milk and 
ice-cream mixes 


Pettinati and Haugaard (1959) have devised a rapid spectro- 
photometric method for the quantitative analysis of homo- 
genized ice-cream mixes, based upon their method for the 
determination of the fat in homogenized milk (Haugaard and 
Pettinati, 1959). From measurements made with the detector 
close to and separated from the diluted emulsion sample, 
a measure of the mean fat-globule size was obtained and by 
use of a nomogram, the fat percentage calculated with an 
accuracy of about +2%. Since the angular changes in the 
distribution of scattered radiation follow a similar pattern to 
those produced by change of wavelength, this method is 
essentially similar to the two wavelength method. Goulden 
and Sherman (1962) have modified a simple filter absorptio- 
meter for the analysis of ice-cream mixes by means of the 
two-wavelength method. 


Estimation of the mean fat globule diameters in homogenized 
milk samples 


Goulden and Phipps (1960) have shown that the spectro- 
turbidimetric technique provides a simple and rapid method for 
estimating the mean fat globule diameters in homogenized milk 
samples. Particularly at higher homogenization pressures, the 
spectroturbidimetric results are in good agreement with the 
mean volume-surface diameters d,, = Xnd?/Xnd* as 
obtained by the microscope method. Using the spectro- 
turbidimetric method, it has been shown that d,, is related to 
the homogenization pressure P by an equation of the form 


dy, = AP-" 


where A and n are experimental constants, n having a value 
of about 0:5. 


Globule sizes in emulsions used for intravenous injection 


For injection purposes, the globule diameters of oil-in-water 
emulsions should be about the size of the chylomicrons, 1.e. 
less than about 0-5 . Phipps (1960) has designed a small- 
capacity laboratory homogenizer for the preparation of such 
emulsions. Although the globule sizes of the emulsions 
prepared in this way were too small to be measured by the 
microscope method, the spectroturbidimetric method was 
able to show that the fat globule diameters were about 0:25 yp. 


Analysis of polystyrene latexes 


Bateman, Waneck and Eshler (1959) have shown how a 
standard spectrophotometer can be modified for spectro- 
turbidimetric analysis of plastic emulsions. Several different 
procedures were described and it was shown that the particle 


BRITISH JOURNAL OF APPLIED PHYSICS 


SPECTROTURBIDIMETRY OF EMULSIONS 


diameters obtained from E!%, values agreed to within 1% 
of the values determined by electron microscopy. An 
accuracy of better than 6°% was claimed for the spectro- 
turbidimetric method for determining total solid contents. 


Estimation of bacterial cell counts 


Although not strictly emulsions, suspensions of bacterial 
cells are frequently examined by turbidimetric and nephelo- 
metric methods. In a similar manner to emulsions, the 
turbidity of a suspension of cells will be dependent upon the 
cell concentration, the cell sizes and refractive index, apart 
from possible instrument parameters. A further complica- 
tion is introduced by the direction of orientation of the cells 
when they are not true spheres. All these factors tend to 
reduce the accuracy of spectroturbidimetric studies and, in 
practice, it is usual to construct experimental calibration 
curves from samples with known cell counts. During the 
growth of an organism, the size and possibly the refractive 
index of the cells may change so that the experimental 
conditions must be carefully standardized. 
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Abstract 


y@wenty selenium barrier layer cells, made by a modern 
commercial process with a variety of modifications, were 
examined with irradiation of x-rays in the 15-40 kev 
trey range and the behaviour was compared with their 
‘esponse to light. The x-ray sensitivity is found to be 
ee ronent of intensity of irradiation at constant x-ray 
‘ube anode voltage, but linearly proportional to anode 
,|/oltage at constant anode current. The form of transient 
‘esponse to x-irradiation depends on the intensity of 

rradiation and the previous history of cell irradiation, a 
ime of rest of about 2 hours being required to achieve the 
first-irradiation’ response. The fatigue effect does not 
vecur in the steady-state values to photovoltage and photo- 
current. There is some evidence for a qualitative relation- 
hip between x-ray and optical photovoltage sensitivities 
f a cell, but there is no relationship between the photo- 
current sensitivities. 


i. Introduction 


PHOTOELECTRIC response of cuprous oxide and 
Age barrier layer cells to 40 kev x-rays was 

briefly reported by Lange and Selényi (1931); Scharf 
ind Weinbaum (1933) observed a fatigue effect in a selenium 
‘ell exposed to x-rays of 40-140 kev; Gleason (1933) found, 
n work on a number of selenium cells with x-rays up to 
500 kev, that cells having equal sensitivities to light do not 
aecessarily have equal sensitivities to x-radiation, and further 
hat the time lag of response to x-rays was of the order of 
'5s, whereas that to light giving the same photocurrent was 
ibout 6s. Evidence of response to soft x-radiation was pro- 
luced by Felsinger (1937) by measurements with x-rays of 
j-25 kev on single cuprous oxide and selenium cells, and by 
sandstrom (1938) with x-rays of 1:5, 2-5 and 3-5 kev on two 
elenium cells of different makes. Blet (1953) made some 
neasurements on a single selenium cell with x-rays of 20, 
0, 60 and 80 kev in connection with theoretical deductions on 
juantum efficiency. 

In a search for a simple method to measure the intensity 
ff x-radiation in the lower kev range, it was decided to 
xamine systematically the photovoltaic performance of a 
‘ariety of selenium cells produced commercially by a process 
vhich is based on an improved technique (Preston 1950). 
The energy range of x-radiation was 15-40 kev. 


* Seconded from Ferranti Ltd. A , 
+ Now at the Department of Natural Philosophy, University of 


|slasgow. 


VoL. 12, SEPTEMBER 1961 461 


[Photovoltaic response of selenium barrier layer cells 
to X-radiation in the energy range of 15-40 kev 


Xy R. FEINBERG,* Dr.Ing., M.Sc., M.LE.E., and G. E. RHEAD,+ M.Sc.Tech., Grad.Inst.P., Electrical Engineering 
|Department, The Manchester College of Science and Technology, Manchester 1 


2. Experimental details 


Figure 1 illustrates the principle of design of the selenium 
cells used in the investigation. The metal ring 4 constitutes 


L/ 


o 
Le h 
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Fig. 1. Principle of construction of a selenium barrier layer 


cell. 


(1), circular steel base plate, 45mm diameter, 1 mm thick; 

(2) thin even coating obtained from pure molten selenium sub- 

jected to pressure and heat treatment; (3) optically transparent 

metal layer containing a thin gold film on some metal oxide; 
(4) ring electrode of a metal with low melting point. 


the negative electrode and the steel base 1 is the positive 
electrode. The free surface of the layer 3 is lacquered to 
protect it against any atmospheric effects. The photosensitive 
surface of the cell has a diameter of 40 mm. 

Altogether, twenty cells, numbers | to 20 in Table 1, were 
examined, the cells numbered 1-5 having been selected as 
optical sub-standards from various production batches, and 
the remainder having been specially prepared in two different 
batches, numbers 6-11 and 12-20, respectively, with several 
modifications as listed in Table 1. 

For measurement each cell was screened electrically against 
any effects from the high-voltage electric field of the nearby 
x-ray equipment, and screened optically against light by 
placing it inside a metal block connected to earth, with the 
front covered with aluminium foil of a surface density of 
4-85 mg/cm”. An ‘Electrothermal’ (Electrothermal Engi- 
neering Ltd.) heating tape was wrapped around the metal 
block to increase the temperature of the photocell. An 
S.T.C. thermistor type M53 was placed directly behind the 
steel base of the cell to measure the temperature. Changes 
of temperature to the nearest 0:2 deg c could be observed. 

The source of x-radiation was a low-power sealed-off 
x-ray tube, Ferranti type B110, which has a triode structure 
with a copper target rated at a maximum dissipation of 25 w, 
and a directly heated cathode. The tube was operated with 
direct current at anode voltages up to 40 kv and it was pos- 
sible to keep the anode current stable to about 0:01 ma at 
its maximum value of |1ma. The dose rate of x-radiation 
generated was calibrated with an ionization chamber mounted 
with the centre of the effective air volume 60 mm from the 
anode of the x-ray tube. Fig. 2 gives the intensity of radiation 
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Tabiewt: 


No. Production technique 
1 Standard 
2 Standard 
3 Standard 
4 Standard 
5 Standard 
6 Surface unlacquered 
7 Thicker selenium layer 
8 Metal oxide deposited for 7s 
9 Metal oxide deposited for i4s 
10 Metal oxide deposited for 28 s 
11 Metal oxide deposited for 56s 
12 Metal oxide deposited for 7s 
13. Metal oxide deposited for 56s 
14 Metal oxide deposited for 70s 
15 Metal oxide deposited for 85s 
16 Metal oxide deposited for 100s 
17 No gold film, metal oxide deposited for 56s 
18 No gold film, metal oxide deposited for 70s 
19 No gold film, metal oxide deposited for 85s 
20 No gold film, metal oxide deposited for 100s 


of the tube in terms of dose rate D, in rOntgens per second, 
at an anode current J, = 0-50 ma and as a function of anode 
voltage V,; D is virtually a linear function of V, in the range 
15 to 40 ky. 

The photocell and x-ray tube were mounted at a distance 
of 60 mm + 1 mm between the centres of the photocell and 
x-ray tube anode. In order to vary the sensitive area of a 
photocell to x-irradiation, apertures of various sizes, made 


0-15 


= 
S 
T 


Dose rate D (réntgens/s) 


2 
(2) 
wn 

ra 


0 | | | | 
15 20 25 30 


X-tay tube anode voltage Vg (kV) 
Fig. 2. The dose rate of the x-ray tube. 


in lead disks 2 mm thick, were placed in turn directly in front 
of the photocell mounting. For qualitatively testing the 
effect of the aluminium foil screen on the x-ray sensitivity of 
a photocell, filters of various thicknesses were made employing 
different numbers of layers of the same type of aluminium 
foil as used for the screen. 
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Cells investigated and results obtained 


X-ray sensitivity Optical sensitivity 


Photocurrent Photovoltage Photocurrent Photovoltage 

(war! sl) (mvr—1 sl) (wa/lx) (my/Lx) 
0-61 1-03 0-41 0-56 
Orne 0-04 0-15 0-024 
OF35 0:51 0-45 0:60 
Wes i7/ 0:26 O35 OR22 
0:35 2°20 0:46 0:64 
0-80 39) 0:30 0-17 
0:09 13-6 0-20 0-07 
0:97 24:6 0252 2:08 
0-86 45-0 0:48 292 
0-62 49-0 0-50 2°90 
1-00 64-3 0-51 MOS) 
0-43 13-6 0:54 AN) 
O-S1 IANA O255 POIKY) 
0:56 29-6 0:58 DESY 
he JV9E Ses 0:49 1-81 
0:49 236 0-50 3-45 
0:79 47-5 0-49 3-40 
0-73 41-4 O59 8303)8) 
0-82 SBi20, 0:57 3-00 
0:71 30-0 Q-59 S18)3) 


3. Experimental results 


The cells examined were measured, where not state 
otherwise, for photocurrent J, i.e. the current theoretical] 
into zero resistance, but practically into a resistance equal t 
the galvanometer coil resistance value of 1540, and f 
photovoltage Vo, i.e. the open circuit e.m.f. For a giv 
level of illumination maximum deflection was reached i} 
about four seconds when a cell was suddenly exposed to ligh 
but the response to sudden exposure to x-irradiation show 
a complex pattern. 

Figure 3 illustrates the response of cell No. 5 to sudd 
exposure to constant intensity of x-irradiation for variou 


b 
oO 
at 


Vg(kV) Ig(mA) 
©3005 


Ww 
oO 


° 350 0°4 


Sari 5 2500s 


as) 0-4 


° 20 0:4 
20 0-3 


Galvanometer deflection (mm) 


Se 
20 840 60 80 100 ~=—-120 


Fig. 3. Response of cell No. 5 to sudden exposure to constant 


intensity of x-irradiation. 


| 
values of x- Tay tube anode voltage V, and anode current i 
i.e. for various values of intensity of steady x-irradiation 
The photocurrent i rises gradually, following a curve of th, 
type | 
{ 


i= Atl — exp (=F F,)) Be exp (ay | 


with A > Band T, < Tg. The value of A — Bis a measure 
of the intensity of x-irradiation; Ts, appears to decrease 
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when the intensity of x-irradiation increases. At a given 
constant intensity of x-irradiation, steady-state values of 
shotocurrent and photovoltage response are attained in about 
2 minutes for lower levels of x-irradiation and in more for 
righ levels. 

Figure 4 demonstrates for one of the x-ray intensity values 
the effect of previous irradiation on the shape of the response 


@ initial response 
QO after Imin rest 
e after Smin rest 


x after 20min rest 


Galvanometer deflection (mm) 


20 40 60 80 100 = 120 
t(s) 


Fig. 4. Effect of previous x-irradiation on response of cell 
No. 5 


,urve after different intervals of rest, each irradiation period 
jasting altogether 2 minutes. As the rest period is increased 
)}he photocurrent response first gradually approaches a curve 
yf the type 


i= ci 


t/Tc)} 


inher C = A — B, as above, and 7J¢ is probably equal to 
Wf, the value of 7, in the relation above having gradually 
ipproached that of Tp as the intervals of rest have increased. 
/Vhen the intervals of rest exceed a certain critical value of 
lime the curves of photocurrent response gradually reverse 
o their original shape, which they regain after an interval of 
‘est of about 2 hours. 

When x-irradiation was interrupted the photocurrent 
lecayed rapidly at first, in 5 seconds to less than 5% of the 
nagnitude before interruption and in 15 seconds to less than 
eal, 

The photovoltage appeared to exhibit similar response 
haracteristics. Since no electrometer valve was used at this 
tage, measurement of the photovoltage required a manual 
valancing of a bridge arrangement, and it was not possible 
oO measure a photovoltage quickly enough to plot accurately 
ny curves giving reliable information. 
_ The steady-state values of photocurrent J, and photo- 
‘oltage Vy of cell No. 5 as functions of x-ray tube anode 
urrent J, and anode voltage V, were found to be linear 
‘iunctions of J,, namely, J, = kil, and Vo = kyJ,, the coeffi- 
ients k; and ky being dependent on V,. For corroboration, 
similar set of characteristics was obtained showing /, and 
\\%o as functions of V,, with J, as parameter, from which the 

proximate empirical relationships J, = m(V, — 11)? and 
7, = mV, — 11)? were derived, with m, and my, being 
pendent on the magnitude of /,. From values of J, and 
7), with J, = 0-50 ma in both sets of characteristics, and the 
alibration curve of Fig. 2, the x-ray sensitivity curve (Fig. 5) 
or photocurrent, s; = J,/D, and for photovoltage, sy, = Vo/D, 
as derived. 


exp ( 
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The x-ray sensitivities of all cells were determined at 
V, = 30 kv and J, = 0-50ma. Their values are tabulated 
in Table 1. For comparison, the optical sensitivities of the 
cells, measured at an illumination of 72 lux and expressed as 


e photovoltage sensitivity s\ 13:0 
0-40L pI : ye \ te: y Y 
m photocurrent sensitivity sj 
1285 
= 2:0 
” oe 
bs iy 
= (ty SS 
S Be 
a a 
10 
-0'5 
0 | | | 0 


15 20 Zo 30 35 
X-ray tube anode voltage Vg (kV) 


Fig. 5. x-ray sensitivity of cell No. 5 as a function of x-ray 


tube anode voltage for Jag = 0°50 ma. 


photocurrent and photovoltage per unit intensity of illu- 
mination, i.e. in jA/lux and my/lux, respectively, are also 
given. 

Typical of the effect of temperature on x-ray sensitivity of 
the various photocells is the characteristic of cell No. 5, 
presented in Fig. 6. Steady-state photocurrent /, and photo- 


0-05 


; 03 
0-04) 
me = 
<< E 
= “— 
3 > 
OPO SS = 4 
402 
@ photocurrent Ia 
@ photovoltage Va 


L = Se 
27 29 
Temperature (deg c) 


Fig. 6. Effect of temperature on x-ray response of cell No. 5 
at Va = 30 kv, Jag = 0-50 ma. 


voltage Vy were measured in the temperature range 20-30° c. 
A substantially lower magnitude of temperature effect was 
found in the optical response of the cells. 

Varying the load resistance Ry of a cell at a steady level of 
x-irradiation gave a photocurrent which changed little when 
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R,, < 500 Q, but decreased substantially as Ry was further 
increased. Keeping R, constant at various values ranging 
from 154Q to 10154Q, and altering the intensity of 
x-irradiation by changing the x-ray tube anode current J, at 
a constant value of anode voltage V,, gave response curves 
with a linear relation between /, and /, starting at the origin. 

Changing the effective area of x-irradiation with apertures 
of various sizes in lead disks showed that the photocurrent 
changed linearly with the size of irradiated area, provided 
that the latter remained within the boundary of the region 
of uniform intensity of the x-radiation beam. 

Placing aluminium foil filters of various thicknesses in the 
x-ray beam in front of a photocell, in addition to its alu- 
minium foil screen, gave an attenuation of photocurrent 
response, the relative magnitude of attenuation increasing 
with increasing filter thickness but remaining practically 
independent of the magnitude of x-ray tube anode voltage 
V, when 25 kv<V,<40 kv. However, for 25kv>V,>15 kv 
the values of relative attenuation gradually increased as V, 
was reduced. Table 2 lists the magnitudes of the effect of 
filters on the photocurrent response for 25 kv < V, < 40 kv, 
the thickness of the filters being expressed in terms of the 
number of aluminium foil layers used for a filter. 


Table 2. Effect of aluminium foil filters on photocell response 


Filter thickness (layers) 1 3 i, 
Attenuation (%) Pe iss 5) 


4. Conclusions 


(1) The ‘fatigue’ effect in the response of a cell to x-irradia- 
tion is shown to manifest itself only in the transient state, 
but not in the steady-state values of photocurrent and photo- 
voltage. The cause of the fatigue effect was not searched for. 
Perhaps it may be the consequence of some electron trapping 
mechanism in the selenium or barrier layer of a cell. 

The steady-state values of photocurrent and photovoltage 
at a given intensity of x-irradiation are virtually independent 
of the previous history of x-irradiation of a cell. 

(2) The negative temperature coefficient of x-ray photo- 
current and photovoltage sensitivities of a cell is of the order 
of several per cent per deg c and is substantially higher than 
that of the optical sensitivity of the cell. Further work is 
needed to find the reason for the negative temperature coeffi- 
cient, and to test whether there is any relationship to the 
fatigue effect in the transient component of photocurrent and 
photovoltage response discussed above. 

(3) The x-ray sensitivity of a cell is independent of the 
intensity of x-irradiation when the spectral characteristic of 
irradiation remains constant. When /, = constant the x-ray 
sensitivity of the cell is linearly proportional to V, for 
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V, > 15kv. The value of 15 kv appears to be incidental t 
the performance of the particular x-ray tube used. 
(4) At different values of photocell load resistance th 
photocurrent response of a cell to x-irradiation is similar t) 
its optical behaviour at weak illumination. | 
(5) There is an indication of some qualitative relationshi! 
between x-ray and optical voltage sensitivities. This mai 
perhaps be based on some underlying quantitative relatio} 
masked by some secondary effects. | 
The tendency of increased thickness of the metal oxid 
layer to produce higher values of x-ray sensitivities and alss 
higher values of optical photovoltage sensitivity, at virtual) 
unaltered optical photocurrent sensitivity, may possibly be | 
consequence of a resultant improvement of the semi-conducta 
structure between the two electrodes of the cell. | 
Further tests are needed to elaborate any eee 
between x-ray and optical photovoltage sensitivities of a cel 
(6) There is no relation between x-ray and optical phota 
current sensitivities of a cell. This may be caused by 
fundamental difference in the underlying mechanisms a 
electron release by photons of x-radiation or of light. It i 
generally accepted that on illumination electrons are release¢ 
in the surface zone of the selenium layer near the barrie 
layer. No understanding exists yet of the underlyin; 
mechanism on x-irradiation of a cell. There may perhap 
occur a secondary electron release, or even an avalanch: 
effect, and the barrier layer, the body of selenium and ever 
the steel base of the cell have to be considered in this con 
nection. Further work is needed to study the effect of an 
change of the chemical nature of the base on the x-ray phot 
current sensitivity of a cell. 
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Abstract 


\\Measurements have been made of the rate of deposition 
jf sputtered molybdenum films in the abnormal glow dis- 
charge in inert gases over the pressure range 3-21 mm He, 
as a function of the gas pressure p and the current i through 
ithe discharge tube. The rate of sputtering was found to 
(be proportional to (i/p)*> in both neon and the Penning 
mixture 99°% neon-1% argon. In helium sputtering 
{was negligible, but the addition of only a trace of neon 
jcaused appreciable sputtering to occur. 


i 1. Introduction 


atoms from a target bombarded by positive ions, has 
| been known for over a century since the observations 
of Grove and Pluecker. Early sputtering measurements were 

,ymade in the glow discharge at pressures around | mm Hg. 

Br cver, under these conditions the incident ions can have 

any energy between zero and that corresponding to the 

cathode fall of potential and the sputtered particles travel 
from the cathode to a collector by a diffusion process, in 
jwhich more diffuse back than escape. In addition, the three 
yvariables, current, cathode fall of potential and pressure 
cannot be varied independently of one another. The most 

,jextensive measurements in this pressure range were carried 

‘ gut by Guentherschulze (1926). 

, _ More recently, sputtering measurements have been extended 
-o lower pressures, where the ion energy can be more readily 
controlled and the diffusion effect eliminated, so as to obtain 
nore fundamental information of the actual process occurring 
: the target. This has been achieved by applying a magnetic 


4 Te phenomenon of cathode sputtering, the emission of 
cy 


i 


=4 


jeld to the glow discharge (Penning and Moubis 1940), by 

immersing the target as a negative probe in an arc discharge 

slasma, or by bombarding it with an ion beam. The most 

jetailed measurements have been made by Wehner (1956, 
Hh 957, 1958) using the second method, with a pool-type 
nercury arc as the source of ionization. Wehner (1955) has 
ulso written the most recent review article on sputtering in 
which he describes other experiments and the theories of 
sputtering under these conditions. 

As far as is known no sputtering measurements at higher 
yressures than in the early measurements have been reported, 
>ther than those of Rockwood (1941) using commercial 
ubes with oxide-coated cathodes in an inert gas. Owing to 
he complexity of the process occurring it is not possible to 
calculate the quantity of material sputtered, as a function of 
he current, voltage and gas pressure, from the fundamental 
yr empirical data obtained at lower pressures. However, 
cathode sputtering in the abnormal glow discharge at pres- 
ures around 10 mm Hg, is of considerable importance as a 
neans of processing glow-discharge stabilizer and reference 
ubes with molybdenum cathodes to give stable characteristics, 
's suggested by Penning and Moubis (1946) and Jurriaanse, 
*enning and Moubis (1946). 
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‘Cathode sputtering in inert-gas glow discharges 


Research Laboratories, Salfords, Redhill, Surrey 


The purpose of this paper is to describe some measure- 
ments of the rate of deposition of sputtered molybdenum 
films in the abnormal glow discharge in inert gases, over the 
pressure range 3-21 mm Hg. 


2. Experimental method 


The usual method of determining the quantity of material 
sputtered is by measuring the loss in weight of the target or 
the gain in weight of a collector, the target or collector 
normally being removed from the tube for the weighings. 
Neither method is convenient if many sputter measurements 
are required, and the former is likely to give errors, since an 
initial sputtering is required to remove contamination from 
the target surface and gas. (A collector can be protected 
from sputtered material during this process.) 

The method used in these experiments was based on that 
used by Wehner (1956). The deposition of sputtered material 
on a glass collector was observed continuously by its optical 
transmission, and by using only a small portion of the 
collector at one time many measurements could be made in 
one tube. The light transmission of the deposited film was 
measured by a photometer calibrated in terms of optical 
density D, where D = log (/p/Z) and Jp and J are the incident 
and transmitted light intensities. 

To determine the relation between the optical density and 
the mass deposited per unit area, a preliminary experiment 
was carried out, in which molybdenum was sputtered on to 
microscope cover glasses in neon, at a pressure of a few 
mm Hg. For convenience in changing the cover glass, the 
tube used had a demountable foot on which the electrodes 
and a tungsten filament were mounted (Fig. 1). The optical 
density of the deposit sputtered on to a cover glass was 
determined in the tube using the tungsten filament as light 


tungsten | 
filament 
~ 
molybdenum 


cathode 


nickel an a 


nickel platform 
for cover glass 


Fig. 1. Diagram showing the positions of the electrodes, 
filament and cover glass in the tube used for sputtering on to 
cover glasses. 


BRITISH JOURNAL OF APPLIED PHYSICS 


CATHODE SPUTTERING IN INERT-GAS GLOW DISCHARGES 


source, the intensity of which was adjusted to correspond to 
zero density before sputtering was commenced. After 
sputtering, the cover glass was removed and the mass of 
deposited molybdenum determined by chemical analysis. 
Exposure to air would not affect this method of measuring 
the mass. 

The optical density was found to vary linearly with the 
mass deposited as can be seen from curve A in Fig. 2. 


— 


3 


nN 


Optical density 


= 
50 100 150 200 


Mass/unit area of deposited molybdenum (9 cm?) 


Fig. 2. Variation of optical density with mass of molybdenum 
deposited per unit area. 


Curve B was obtained if the cover slips were removed from 
the tube for the density measurements, showing the effect of 
exposure to air. It will be noticed that it is parallel to 
curve A for thick films. 

The measurements of the rate of deposition of sputtered 
material were carried out in a tube with a molybdenum rod 
cathode C, surrounded by a concentric cylindrical molyb- 
denum anode A (Fig. 3). A square aperture was cut in the 
side of the anode through which particles sputtered from the 
cathode passed to a cylindrical glass collector G, magnetically 


0 


————4f 


Icm 

Fig. 3. Diagram showing the positions of the anode A, 

cathode C, filament F and glass collector G in the tube used 
for measurements of the rate of deposition. 
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rotatable so as to enable a series of deposits to be form 
A tungsten filament F mounted inside the anode cylin 
was used as a light source. It was sufficiently intense for tl 
light from the discharge to be negligible by comparison. TI 
filament was electrically isolated from the discharge circ 
to prevent it from being sputtered. | 

The tube was sealed to a conventional mercury diffusic 
pumped system with liquid-oxygen traps, via an Alpert-ty, 
bakeable metal tap. A high-pressure (0-25 mm Hg) McLec 
gauge was used to measure the pressure of inert gas admitte 
to the system with an accuracy to 0:1 mm Hg. 

The tube was evacuated and baked to 450° c and tH 
metal parts outgassed at a high temperature. During th 
process the glass collector was slid away from the anode t 
the other end of the tube. With the glass collector in positic 
the cathode was cleaned by sputtering in inert gas for severé 
hours. 

The densitometer was arranged to receive the light fro) 
the tungsten filament in the tube via the aperture in tk 
anode, extraneous light being reduced to a minimum. TH 
tube was filled with inert gas at the required pressure, ar 
the discharge current and filament supply were switched o7 
After allowing the tube to warm up for twenty minutes tk 
gas pressure was measured. The Alpert tap was then closee¢ 
thus sealing the tube from sources of contamination in tH 
pump system. The glass collector was rotated to bring a 
unsputtered portion before the aperture in the anode and tH 
filament current adjusted to give zero density reading. . 
series of readings of the optical density of the sputtere 
deposit and the voltage across the tube at constant curre# 
were taken at suitable time intervals. A graph of densi 
against time was plotted. | 


3. Results of the sputtering rate measurements 
3.1. Neon and 99% neon-1 % argon 


A series of graphs of optical density against time wa 
obtained at various currents and pressures in neon and 
the Penning mixture 99% neon-1% argon. Typical curve 
are shown in Fig. 4. These curves were normally straigh 
except at low densities (probably due to irregularities in t 
thin films). The slope of the straight portion of each cu 
was proportional to the rate of deposition, since curve A i 


ewer pal 6 
34mm Hg J : 
25mA 
79-2mm Hg 
50 mA 
a 
1 ee saa 
ea ? 65mm Hg 
> 25mA a” 
Ss 2+ 16-2mm Hg 
s : ° 50mA 
S| =) Slee 
0): 
0) 50 100 150 200 


Sputtering time (min) 


Fig. 4. Typical curves showing the variation of optical — 
density with time in 99% neon-1 % argon. | 
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| Fig. 2 was linear, and is referred to as the relative sputtering 
j rate. It was not converted to the mass of film deposited on 
| unit area in unit time, since this is still only a relative measure 
| of the rate of sputtering at the cathode (the mass sputtered 
‘per unit time). The latter is assumed to be proportional to 
| the rate of deposition, the constant of proportionality being 
| determined by the geometry and angular distribution of the 
}) sputtered atoms. 

It was found that the sputtering rate could be related to 
'the current and pressure. Fig. 5 shows a series of curves of 


011 


o 
oO 
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(optical density min~) 


= 
ro) 
So 
wn 


Relative sputtering rate 
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5 10 20 
Pressure (mm Hq) 


Fig. 5. Variation of sputtering rate with pressure for 99°% 


neon-l % argon. 


ill be noticed that a series of parallel straight lines is 
jiobtained of negative slope of magnitude about 2:5. Fig. 6, 
\/'or neon, is similar, the slopes being approximately the same 
is in the gas mixture. In Fig. 7 the rate of sputtering at 
10 mm Hg is plotted against current on logarithmic scales, 
jpoth the 99% neon-1% argon and the neon points lying on 
one line of positive slope with the same magnitude as before. 
}dence the rate of sputtering M can be related to the current i 
lind pressure p by an empirical expression of the form 


M- aie (1) 


jvhere C is a constant which is approximately the same for 
{yoth neon and 99% neon-1 % argon. 

| The fact that the rates of sputtering in both neon and the 
‘Penning mixture are approximately the same is surprising, 
\\ince in the latter case the majority of the ions are of argon. 
dowever, the lower voltage required in the gas mixture, at a 
jriven current and pressure, may compensate for the greater 
Inass of the ions. 


3.2. Helium 


= 


‘| An attempt was made to observe sputtering in helium. 
\(his proved to be extremely slow and probably due to 
(mpurities, since it did not occur at a constant rate, no 
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sputtering at all being detected in the first few hours. How- 
ever, the addition of only 0:085°% of neon increased the rate 
of sputtering to a value comparable with that in pure neon. 
This is confirmed by the experiments of Guentherschulze 
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Fig. 6. Variation of sputtering rate with pressure for neon. 
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Fig. 7. Variation of sputtering rate with current, at a pressure 
of 10 mm Hg. 


x 99% neon-1% argon. © neon. 
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and Meyer (1930) who could detect no sputtering in a helium 
arc discharge at energies up to 800 v. 


4. Discussion 


Sputtering measurements in the glow discharge at pressures 
around | mmHg have frequently shown the quantity of 
material Q sputtered, per unit charge passed through the 
tube, to be related to the cathode fall V by a relation of the 
form 

Q=>- = A(V — Vo) (2) 
where A and Vy are constants. Guentherschulze (1926) 
using silver sputtered in hydrogen, with parallel-plate geo- 
metry, showed his results could be fitted either to Eqn (2) 
or the following equation involving the pressure p and 
electrode separation d 


= B— (3) 


where B is a constant. 

An attempt was made to express the results of the experi- 
ments described in this paper by an equation similar to (2) 
or (3). Although Q did increase with V the fit to either of 
these equations was poor. 

It is not surprising that Eqns (2) and (3) could not be 
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applied satisfactorily. Whereas in the experiments 

Guentherschulze the pressure range was 0:3 to 2-2 mm 

and the voltage range 550 to 1740 v, in these experiments t 
pressure range was 3 to 18 mm Hg and the voltage ran 
146 to 340 v in 99% neon-1% argon, and 6 to 21 mm 

and 164 to 331 v in neon. As a result a much greater pr 
portion of the ions will arrive at the cathode with energi¢ 
below, or only just above, the threshold energy for sputtering 
Also there will be greatly increased back diffusion of th 
sputtered material. 
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BRITISH JOURNAL OF APPLIED PHYSICS 


New books section 


Analysis 


Physical methods in chemical analysis. Vol. 1. 2nd revised 
edn. Edited by WALTER G. Ber’. (London and New 
York: Academic Press, 1960.) Pp. xiv + 686. Price 
£6 15s. 9d, 


The first edition of this book appeared in 1950 and reviews 
were published in various journals, including Science Progress, 
1951, 39 (153), 173; The Analyst, 1950, 75, 691; Analytica 
Chimica Acta, 1951, 5 (3), 334; Analytical Chemistry, 1950, 
22 (7), 956. 

This is the first of three volumes. The original intention 
was to include in it those techniques dependent upon electro- 
magnetic radiation and in the second volume those dependent 
on electrical measurements. It was subsequently found 
necessary to publish a third volume dealing with later 
techniques. The topics dealt with in Vol. I are as follows: 
Absorption phenomena of x-rays and y-rays, X-ray diffraction 
methods as applied to powders and metals, X-ray diffraction 
as applied to fibres, spectrophotometry and absorptiometry, 
Emission spectrography, Infra-red spectroscopy, Raman 
spectra, Refractive index measurement, Mass spectrometry, 
Electron microscopy and Electron diffraction. It is inevitable 
that certain recently developed but closely related topics have 
been relegated to Vol. III, such as X-ray fluorescence, Flame 
photometry, Microwave spectroscopy and Nuclear magnetic 
resonance. 

The rapid rate of development of even well-established 
methods has now necessitated the publication of a second 
edition of the first volume, and it is interesting to note the 
degree to which the various authors have revised their contri- 
butions. For example ‘Emission spectrography’, which has 
a strong metallurgical bias, remains sensibly unaltered, and 
one is left with the feeling that too narrow a viewpoint 
has been adopted for a book of this character; of some 
28 references only one is post 1950. Other topics which 
have undergone little revision are Infra-red spectroscopy (and 
this has also suffered from the omission of the excellent 
diagrams of various spectrometers, which appeared in the 
first edition), Raman spectra and Refractive index measure- 
ment. The last-mentioned is the most poorly illustrated 
section of the whole book, with only two figures in 45 pages. 
On the other hand the X-ray diffraction sections, Electron 
microscopy and Spectrophotometry are all lavishly illustrated. 
The most drastically revised section is Mass spectrometry, 
and this has been completely rewritten by C. F. Robinson; 
of the 393 references quoted over 300 are post 1950. Other 
topics have also been extensively revised and some have been 
expanded, so that one is left with the overall impression that, 
just as the first edition was welcomed and widely appreciated, 
the publication of the second edition is amply justified and 
will surely be just as heartily welcomed. 

It would doubtless be possible for the critical expert to 
find fault with individual chapters. But in fact no claim is 
made that each is comprehensive, nor is that the intention, 
since specialized textbooks are available. It is, however, 
justifiably claimed that each subject is dealt with in a manner 
which will be satisfactory and informative to the general 
analyst, and the amount of information contained in this 
volume in fact represents extremely good value for the buyer. 

The general style, method of presentation and quality of 
printing and binding are of the high standard associated with 
the publishers and, although the price suggests that it is not 
the sort of book that the young analyst or student will be 
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able to afford, nevertheless it is a ‘must’ for every library ang} 
for every serious worker in the field of analysis or of physics 
as applied to analytical chemistry. F. W. J. GARTON | 


Electrical, electrostatic and electronic devices an 


properties 


(London, New 


Analogue computers. By I. I. ETERMAN. 
ix + 264} 


York, Paris: Pergamon Press, 1960.) Pp. 
Price 50s. 


This work is an edited English translation of a book first 
published in Moscow in 1957. The preface explains that th 
‘principles of action’ of analogue computers have been 
examined both in Soviet and foreign literature whereas th 
theoretical problems, the preparation of such problems for 
solution, methods of solution and the methods for th 
estimation and control of accuracy, have been dealt with less 
adequately. The aim of the book is thus to deal with thes 
somewhat neglected topics, and they are discussed in thi 
following manner. 

The first chapter points to the sort of dynamic system whic 
lends itself to analogue treatment and introduces the Cauch 
problem and the Vallé—Poussin theorem. Chapter II review 
the various types of computing units—amplifiers, functiony 
generators and the like, which form the basis of analogue 
computing instruments and machines. The next chapter 
describes some Russian computers and deals with Reta! | 
tional procedures’ which are, in fact, a series of usefu 
mathematical tricks or devices which are employed to 
facilitate certain types of problem solution by analoaes 
means. Chapter IV gives the mathematical background t 
the solution of systems of linear and differential equation 
and introduces finite difference techniques in these con 
nections. The last chapter is a mathematical appraisal of 
the errors arising in the solution of linear and non-linea 
systems of equations, and is intended as a guide to the 
interpretation of analogue solutions. 

There is a sizeable appendix which contains finite dif. 
ference information, tables of coefficients, and various 
solutions in tabular form. 

This book is curiously unbalanced mainly because it tends 
to be both a textbook and a reference book at the same. 
time. The result is that in some parts quite important 
aspects of analogue computer practice are skipped over or' 
even ignored completely, while in others, particularly the 
last chapter, less common points are treated exhaustively. 
For example no mention is made of servo-mechanical multi- 
plication or resolvers, and while the error analysis of computer! 
solutions is treated very fully, no mention is made of the! 
inevitable and sometimes very disturbing errors inherent in 
electronic summation or integration. The book treats the! 
analogue machine as a purely mathematical tool and does 
not consider simulation as such. Unavoidably perhaps, a. 
good deal has been lost in translation and one frequently 
finds that the precise scientific sense of a sentence is missing. 
However, the meaning is usually apparent after a little 
rephrasing. 

Nevertheless, Eterman’s work, or rather the part of it 
which has been translated for this book, contains much 
interesting material particularly for people using or wanting 
to use medium-sized analogue computers and similar devices; 
it contains some material which has not been published 
before, and the mathematics well repays careful reading. 
The brief descriptions of Russian general purpose equipment 
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are interesting even though they are pre-1957 vintage, and 
one wonders if the extraordinary progress in electronic 
computing machinery so apparent in Britain and the U.S.A. 
in the past four years has been matched in Russia. The 
book’s price is not high for what it contains. 
| G. BLACK 
Lichtstrahl-Oszillographen. By W. HArteL, J. DEGENHART, 
A. KUBLER, C. SORENSEN and J. TROGER. (Munich: 
Oldenbourg, 1961.) Pp. xii + 462. Price DM 64. 


After a short introduction to the principles of oscillographs 
| and oscillography the authors go more deeply into theory 
jand practice of vibrator design and deal with sensitivity, 
‘frequency response and damping. This includes electro- 
| dynamic damping as well as that by means of modern silicone 
| fluids. Special vibrators for power measurements as well as 
| the use of Hall effect generators for this purpose are described. 
| Circuits and formulae for range extension occupy 13 pages. 
A 26-page chapter on optical problems follows. This includes 
| the design of mirror drums for visual observation. Various 
‘aspects of photographic recording and paper transport are 
| dealt with, especially methods of achieving rapid acceleration 
on the paper for triggered exposures. Methods of triggering 
‘yand time markers are described. 

‘A chapter on the historical development of oscillographs 
‘especially by Blondel (Paris) and Duddell (The Cambridge 
‘\Scientific Instrument Co.) leads to a detailed description of 
‘instruments by Siemens. This section contains many very 
‘clear photographs, drawings and circuit diagrams as well as 
mathematical treatment of choice of the correct character- 
istics, possible errors, etc. 

There are 64 pages of applications including testing internal 
‘combustion engines, torque tests, control circuits, switch- 
‘)gear, etc. A collection of tables giving vibrator character- 
‘istics and relationships between errors, damping and fre- 
‘}quency ratio is followed by a lengthy bibliography and index. 
P. LEwIs 


.Werkstoffe fiir elektrische Kontakte. By A. Ker. (Berlin, 
Gottingen, Heidelberg: Springer, 1960.) Pp. xi + 347. 
Price DM 48. 

F So many new books are devoted to modern technical and 
scientific developments that it is refreshing to welcome one 
which deals with a technology which has been with us, in 
jpractice, since the beginnings of electricity. The switching 
i§of electrical circuits by mechanical means is commonplace, 
, out the potentialities of the technique have received renewed 
attention in the last ten years, due to increased emphasis on 
jwutomatic control systems. The few other textbooks on 
ilectrical contacts deal, almost exclusively, with the physics 
of the subject so the present writer’s approach from the 
viewpoint of contact materials is a pleasant change. 

i Written for the electrical industry the book embodies a 
jritical survey of the present state of knowledge about 
hontact materials. Applications from heavy duty relays to 
very sensitive micro-switches are covered. The contents are 
Glivided into four sections: physical principles, basic metal- 
‘Jurgy, material behaviour, and material selection and per- 
jormance. The treatment of physical principles covers 
Jontact constriction theory and arcing phenomena. The 
‘leader is then abruptly confronted with over eighty pages 
‘isting and describing the general properties of contact 
‘Saaterials. The section on material behaviour deals primarily 
vith specific effects associated with the high temperatures 
variably encountered with arcing contacts, while the final 
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chapter covers the design of contacts and considers the 
related topics of springs and solders. 

Unless masked by erosion, mechanical wear is encountered 
in all contact applications. A mere half-dozen papers are 
devoted to wear processes and a fuller treatment of the 
subject would have added to the value of the book. Electro- 
deposited coatings are also dealt with rather superficially in 
view of their increasing use. In contrast the sections in 
various sintered materials are extremely well presented. 
Extensive tables of material properties are an outstanding 
feature. 

The engineer will find the work of value as a survey but 
whether it will assist him with specific contact problems is 
doubtful. As the writer points out there is a bewildering 
variety of possible and actual contact materials and the 
various physical processes with their attendent chemical and 
metallurgical effects make the prediction of material per- 
formance extremely difficult. In this field where precious 
metals are so extensively used, economics rather than technical 
merit is often the major factor in material selection. That 
the treatment of material selection is not a satisfactory 
synthesis of the chapters on physical principles and contact 
materials is no fault of the author who has done an excellent 
job in presenting this difficult subject. 

More attention could have been paid to the compilation of 
the index but at £4 2s. Od. the book, in the light of present 
standards, is good value. H. C. ANGUS 


Elsevier monographs: Electrostatic separation of mixed granular 
solids. By O. C. RAtston. (London: Van Nostrand; 
Amsterdam: Elsevier, 1961.) Pp. viii + 261. Price 24s. 


The author of this work is an engineer whose lifetime of 
experience in the subject is revealed in his descriptions of the 
different types of equipment, their advantages and limitations. 
He has also shown his enthusiasm by the amount of work he 
has undertaken in compiling this book, which, with its 250 
references, 350 notes on patents and large number of figures 
must be a fairly complete study of the field. He fully 
appreciates the lack of concrete data on performance, which 
he supplements wherever possible from his extensive personal 
knowledge of the success or otherwise of the equipment. 
However, the limited theoretical treatment of the subject is 
not up to the same standard. In several places the author 
states his own lack of understanding of the physical principles 
involved, applauds the valuable part played by the one or two 
physicists who have studied the subject and stresses the need 
for more basic work. It is a pity therefore that he introduces 
the book by attempting a theoretical explanation of the 
principles of electrostatic separation simplified for the non- 
physicist. He admits that this approach is not really possible 
and as a result the first chapter is naive, confused and tech- 
nically inadequate. Anyone reading only the first ten or 
fifteen pages of the book would be liable to condemn it out 
of hand, which would be most unfortunate in the light of the 
great practical value of the bulk of the text. The author 
would have been well advised to have engaged a physicist to 
write the introductory material and thereby have obtained a 
more concise and clearer exposition of the principles involved. 

Because the physics of the phenomena used are not always 
understood and because several different mechanisms may be 
involved in each form of separating equipment, there is 
considerable difficulty in classification of the methods. Clear 
distinctions cannot be drawn between types of equipment and 
the author has been driven to attempt a preliminary break- 
down, supplemented by a description of each piece of equip- 
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ment with an indication of the possible mechanisms that may 
be operating. There is therefore some overlapping between 
Chapter III dealing with equipment, and Chapter IV in which 
applications are discussed. This seems inevitable, since 
particular forms of equipment are associated mainly with 
certain types of problem, often merely as a result of historical 
accident and only occasionally because the problem required 
a particular type of separator. 

The electrostatic method has obviously been used mainly 
for the separation of minerals and the cleaning of grain or 
textiles, but occasional uses of it are described covering a wide 
range of problems including separation according to size, 
density and moisture content. A striking feature of the uses 
recorded in the book has been the marked success of failure 
of apparently similar types of equipment on apparently not 
very dissimilar materials. The reasons for this inconsistent 
behaviour have not usually been fully established but are 
indicated by the author. 

Most of the work dealt with appears to have been done in 
America and Germany, and apart from the allied technique 
of electrostatic precipitation the principle has not been widely 
applied in this country, though the causes of this may have 
been fortuitous; for example the pages on coal cleaning deal 
with aspects specially relevant to conditions in Germany and 
America. On the subject as a whole these two countries are 
credited with 300 patents against a total of 46 for Britain, 
France and Canada. 

The book draws attention to a subject that may not be well 
known. It supplies a useful source of information and should 
act as a valuable stimulant to thought for anyone who has a 
separation problem that is proving to be either difficult or 
costly. The book is well printed and amply illustrated by 
clear figures. It may have been just ill-luck that the first few 
pages of the review copy dropped out as soon as the book 
was opened. R. JACKSON 


Lectures on communication system theory. Edited by E. J. 
BaGHpDADy. (London: McGraw-Hill, 1961.) Pp. xii + 
617. Price 97s. 


This important work ought to be called more properly the 
MIT book on communication systems. Its 18 contributors 
are almost all from the MIT or the Lincoln Laboratory, and 
the Editor, Dr. Baghdady, is the author of only two of the 
23 articles. 

First it must be noted with relief that the reader of this 
book is not overwhelmed by a great mass of unfamiliar 
mathematics (Lebesgue measure theory, topology, symbolic 
logic), as has now become customary in MIT publications. 
The mathematics are either familiar, or are adequately ex- 
plained. The introduction to probability theory by D. G. 
Brennan is particularly praiseworthy in this respect. Of 
the other contributions I should like to single out the two 
excellent chapters on the representation and the design of 
signals by R. M. Lerner, perhaps for the selfish reason that it 
takes as its starting point my work on signal theory of 15 
years ago, and makes significant improvements on it. 

There are four very thorough chapters on the charac- 
terization of noisy channels and methods of improving trans- 
mission by W. E. Morrow, H. Sherman, T. Kailath and E. J. 
Baghdady, which are perhaps the best so far published on 
this subject. The two chapters on Statistical decision theory, 
by W. M. Siebert and W. L. Root are as good as the difficult 
and as yet incomplete subject-matter will allow. J. M. 
Wozencraft’s chapter on digitalized communication in noisy 
and time-variant dispersive media will be of great interest to 
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practical system-engineers, though somewhat difficult to 


understand. The other chapters are less systematic, but! 


concern highly important special subjects (Coding by P. 


Elias, Feedback communication systems by R. P. Rafuse, | 
Microwave applications of semiconductors by A. Uhlir, , 
Masers by R. H. Klingston, Speech systems by I. Pollack, | 
Modulation systems by Baghdady, Long term variability by | 


D. G. Brennan and Communication link design by W. E.. 
Morrow). The last chapter on Satellite Communication by) 
J. B. Wiesner will evoke special interest, by its highly. 
important and topical subject-matter, and also because the 
opinions of the author, until recently Director of the Research 
Laboratory of Electronics, and now Scientific Adviser to_ 


————— 


the President of the United States, carry quite special weight | 


in what promises to become the most exciting adventure in| 
communications since the laying of the first Transatlantic 


cable. 
This is a book which must be recommended to all post- 


graduate students in communications, to all systems engineers , 


and also to all teachers of mathematics to engineers. It is 
well worth the moderate price. D. GABOR 


General 


A short history of technology. By T. K. DerBy and TREVOR 
I. WiLttAMs. (Oxford: Clarendon Press, 1960.) Pp. 
xviii + 782. Price 38s. 


All those who would like to possess but cannot afford the | 
five-volume History of Technology will be grateful to the 
IL.C.I. for having endowed this Short History, at a price 
which everybody can afford. 

This is the story of the greatest adventure of mankind, 
told in unemotional language. I wish I were sure that the 
reader will be able to supply the emotions, the pride in our 
ancestors, in those relatively very few who dared to dream 
of new things which had never existed before, in climates of 
opinion which punished rather than encouraged the innovator. 
It is an astonishing story of empiricism, of the thousands of 


years of fumbling before the advent of organized science, | 


when every fact stood by itself, unrelated to all others. How 
many unsuccessful experiments must have preceded, for 
instance, the making of red lead by the Mesopotamians ‘by 
heating lead with basic lead carbonate, itself probably made 
by addition of natron to a solution of lead salt’? (p. 264). 
Experimental science could never have started without these 
old artisans, who supplied the first experimenters with highly 
developed arts of metal working, glass blowing and lens 
grinding. The first half of the book, up to 1750, is mostly 
the story of artisans. The rest brings us up to 1900. 1750— 
1900 is roughly the first epoch of the co-operation of science 
and industry, 1900 marks approximately the date from which 
the artisan became the executive of the scientist, the end of 
the romantic epoch. 

In writing a book such as this the authors were faced by 
several dilemmas. One was that either they had to explain 
every technical term for the benefit of the general reader, or 
to use freely such terms as ‘heddle’, ‘shed-rod’ and ‘counter- 
shed’, intelligible only to the expert. They have opted 
generally for the second choice. Others than myself will 
probably be intrigued when they read that Jeremy Bentham 
set out to Paris in a ‘titiwhiskey’ and arrived in a ‘pot de 
chambre’ (p. 212). 

Another dilemma is whether a history of technology ought 
to be illustrated by technological or by historical pictures? 
The authors prefer the second, which is sometimes regrettable, 
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because many of the early pictures abound in irrelevancies, 
such as the garments of the artisan, but leave the reader in 
the dark about what he is doing. Much would be gained 
by adding a few schematic diagrams. 

I do not wish to carp on the few deficiencies of a book 
which was so badly needed, and which, on the whole, fulfils 
its task so admirably. I wish thousands of boys would 
receive it as prizes in schools, and I wish that thousands of 
engineers and scientists would keep it at their bedside. 

D. GABOR 


Heat, thermoelectricity, infra-red, radiation, etc. 


Kinetics, equilibria and performance of high temperature 
systems—Proceedings of the First Conference Western 
States Section, The Combustion Institute 1959. Edited 
by G. S. BAHN and E. E. ZuKoski. (London: Butter- 
worths, 1960.) Pp. x + 255. Price 80s. 


The Conference was primarily aimed at those who are 
engaged in performance calculations for high temperature 
systems. Groups of papers were devoted to input and output 
thermodynamic data, computer programming for output 
thermodynamic data and for standard engine performance 
parameters. Programmes for combustor and exhaust nozzle 


;| design and results of performance calculations were also 


included. 


Elektrothermie. Edited by M. Prranr. (Berlin: Springer- 
Verlag, 1960.) Pp. xii + 451. Price DM. 61.50. 


Industry’s needs for high temperatures (i.e. exceeding 1000° c) 


| are being increasingly met by electrical heating. There are 
i} sound economic and technical reasons for this trend. 


It is 
therefore timely that a second edition of Elektrothermie, 
which first appeared in 1930, should be published under the 


} editorship of Professor Pirani. 


The field covered is wide, and the treatment predominantly 
Underlying chemical, physical and engi- 


is no adverse criticism, in a book which aims at presenting 


| the state of the art to those who are interested in a broad 
6 non-specialized way. 
j. will find here anything that is new to them in their own 
4 speciality; but they will probably find stimulus in other 
chapters. 


It is unlikely that specialist readers 


Individual sections deal with the productions of steel, 


4) aluminium, copper, molybdenum, tungsten, titanium, the 
i semi-conductors silicon and germanium, graphite, corundum, 
) the carbides of silicon and boron, calcium silicide, ferro- 
| silicon, phosphorous, cyanamide, vitreous silica and sintered 
, products. 


Industrial electric furnaces for temperatures above 1500° c 


4: based on resistance, induction or arc heating are described, 
} including a brief note on electrically heated glass tanks. 
)} Measurement and control of electric furnaces are briefly but 
} reasonably comprehensively described. Finally, 
# examples are given of laboratory applications such as barium 
) carbide production, graphitization and the production of 
} extremely high temperatures, both in the plasma torch and 
) in attempts at nuclear fusion. 


a few 


The book concludes with a useful bibliography. With 
one exception (Swiss) it is the work of German authors, and 


| is mainly (but by no means exclusively) concerned with 


4 German practice. 
} in the growing field of high-temperature technology. 


It is a useful handbook for those interested 


T. H. BLAKELEY 
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Thermoelectricity. Edited by P. H. Ect. 
Wiley, 1960.) Pp. x + 407. Price 80s. 


This book is based on a Conference on Thermoelectricity 
held in September 1958. It has, however, been expanded and 
increased in scope in an attempt to meet the requirements of 
1960. 

The first section introduces the fundamental concepts of 
thermoelectricity, and includes a particularly stimulating 
article by Zener. One of the papers in this section refers to 
thermoelectric refrigeration, but otherwise the main emphasis 
of the book is on thermoelectric generation. The second 
section is headed “Basic Parameters in Thermoelectricity,’ 
but does not in fact deal with these systematically. The first 
paper gives some general account of thermal conductivity, 
and the remaining three papers discuss some of the properties 
of several important thermoelectric materials, including the 
mixed valency semiconductors. 

Section 3 deals with the chemical and physical properties 
of materials at high temperatures, starting with a paper on 
the types of compound likely to be stable under these con- 
ditions. There is a short paper by Aigrain on the design of 
materials for thermoelectric generation, followed by a dis- 
cussion of porous semiconductors and a paper on thermionic- 
diode generators. The last of these seems distinctly out of 
place in this book. 

The final section deals with the measurement of the pro- 
perties of thermoelectric materials, particularly at high tem- 
peratures. This is probably the most valuable section, as 
there are formidable difficulties which have not been very 
fully discussed in the literature. 

The book is well produced and most of the articles are well 
written and presented. Inevitably, there is some overlap and 
there are some omissions. One criticism is that no attempt 
has been made to justify what is included or to indicate what 
is omitted and how important it might be. Thermoelectricity 
is a subject in which there is a great deal of activity at the 
present time, some of it empirical and unco-ordinated, and 
some based insecurely on an inadequate background of the 
rather complex physics which is involved. The book will 
help considerably in improving this situation, although more 
could have been achieved if a paper had been included sur- 
veying the different classes of compound so far studied, and 
indicating the progress made and the problems remaining. 
The Editor hopes that the book will provide guidance in the 
development of thermoelectric materials; such guidance as it 
offers is however rather tentative, and is mainly to be found 
in a few lines in the two papers by the authors named. 

D. A. WRIGHT 


(London: John 


Infrared methods: principles and applications. By G. K. T. 
Conn and D. G. Avery. (New York: Academic Press, 
1960.) Pp. vili + 203. Price $6.80 (54s.). 


Many scientists now find that infra-red radiation is of value 
in studying a wide range of problems. Newcomers to this 
rapidly expanding field are frequently bewildered by the 
volume of literature on infra-red methods which is spread 
over a very wide range of journals, all of which are rarely 
found in a single library. Any manual which deals with the 
principles and gives some of the applications of infra-red must 
therefore be warmly welcomed. 

The first half of this book describes sources of radiation, 
optical materials, detectors, amplifiers and dispersive systems. 
This is followed by sections on applications which include 
the calibration of detectors, a simple monochromator and 
instruments for gas analysis and radiation pyrometry. While 
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the book has been kept to a manageable size, it is inevitable 
that much of interest and value has had to be omitted from 
its mere two hundred pages. Thus, for instance, far infra-red 
techniques and spectroscopic applications are not discussed. 
Future editions might include a chapter giving some key 
references to a wider range of applications. On the whole, 
however, the topics that are dealt with have been well selected. 
Many research workers who either use infra-red radiation or 
who want to know more about it will find the book of 
considerable value. G. R. WILKINSON 


Interferometry 

Interferometry—National Physical Laboratory Symposium 
No? Sis (london! HIMES OF for SDiSul Res 919605) 
Pp. 471. Price £1 10s. 


This publication is the record of National Physical Labora- 
tory Symposium No. 11, held at the National Physical 
Laboratory on 9th-11th June 1959. The great breadth of 
the field covered is indicated by the session headings, viz. 
Absolute length measurement and light sources for interfero- 
metry; Optical testing and the measurement of relative 
position; Radio, microwave and intensity interferometry; 
Spectroscopic and photoelectric interferometry. In addition, 
there was an introduction session embodying a discourse by 
Professor Dr. F. Zernike entitled ‘Limitations of Interfero- 
metry’ (not reproduced in this book, as a full treatment is to 
be given in a later paper) and accounts by Dr. H. Barrell and 
Dr. L. A. Sayce of interferometry in the National Physical 
Laboratory Standards and Light Divisions respectively. 

An exhibition illustrating the papers presented and showing 
applications of interferometry, together with exhibits illus- 
trating the work of the National Physical Laboratory in 
interferometry, is well and fully reported. 

A very valuable feature of this publication is the account 
given of the discussion, rightly described as ‘vigorous and 
progressive’. This is reported concisely, so inevitably 
omitting some of the amusing minutiae, such as the declara- 
tion by a specialist contributor that his entire spectroscopical 
experience had been obtained within the limits of the green 
line of mercury. 

This book is a mine of information on the ‘growing points’ 
of interferometry. Published at a modest price, it is 
exceptionally good value for money and deserves a place in 
the library of all physical laboratories. J. Dyson 


Mechanics, properties of matter, vibrating systems, 


elasticity 


Mechanics and properties of matter. 2nd edn. By R. J. 
STEPHENSON. (London, New York: John Wiley & Sons, 
1960.) Pp. x + 367. Price 60s. 


The course in mechanics described in this book is given to 
students whose further studies may lie either in physics or in 
engineering. The treatment is almost entirely vectorial, 
Lagrange’s equations being introduced but scarcely used, and 
at a level where there is a decided shortage of useful textbooks. 
A student working through this book, with its generous 
supply of examples at the ends of the chapters, will achieve 
a physical understanding of mechanics at present unusual, 
at least among British students, with no heavy strain on his 
mathematical technique. 

The work includes an unusually complete treatment of 
forced harmonic motion with examples from several branches 
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of physics, and leads up to a good discussion of rotating 
coordinate frames and the simpler properties of the gyrostat. 
Teachers looking for a book which will take their students 
to this standard without having the physics obscured by 
applied mathematics will find this most suitable. 

It is a pity that less good can be said of the sections on 
properties of matter. These are on a level far below that of 
the mechanics, and their omission would make a cheaper and 
a rather better volume. 
warned that the discussion of rolling wheels on page 45 
(following an uninspiring description of some modern views 
on friction) must be extended to careful thought about the 
force systems at the axle before the matter can be said to be 
understood. 


In spite of these criticisms, I consider this a very useful } 


book indeed. Unfortunately, the price is rather high for 
students. G. WYLLIE 


The mechanics of vibration. By R. E. D. BisHop and D. C. 
JoHNSON. (London: Cambridge University Press, 
1960.) Pp. xii + 592. Price 120s. 


This latest of the Cambridge books on engineering, while 
wholly theoretical in character, aims at giving its reader a 
physical insight into the vibrational properties of simple and 
complex mechanical systems. This aim must be immediately 
admitted as fulfilled. The outlook of the book is generally 
academic, and attention is confined to the case of smail 
oscillations, the topic of non-linear vibration having been 
reserved, along with those of instability, self-excitation, the 
vibration of rotating bodies and various further developments 
of matters here dealt with, for a second volume which the 
authors originally intended to write. 

To the physicist, the book provides impressive confirmation 
of the genius of Lord Rayleigh, whose classic Theory of 
Sound forms the basis on which much of the theory is 
erected. The first three chapters deal with the behaviour of 
loss-free lumped-constant mechanical systems. The authors 
early introduce the concept of ‘receptance’, which is funda- 
mental to the treatment throughout. Receptance at a point 
is the ratio of displacement amplitude to force amplitude, 
force being applied at the point in question or elsewhere. 
The receptances of simple mechanical elements and com- 
binations of them are examined and reference tables given 
for common combinations. 

Receptance is closely related to the mechanical admittance 
more commonly used by the physicist. To him, it will be 
a matter of slight regret that in the book there is no reference 
to nor use of the large body of directly analogous work 
existing on electrical network theory, if for no other reason 
than that impedance and admittance concepts were developed 
earlier in that field and are there much more fully documented. 
The authors have moreover eschewed the concept of 
mechanical circuits which completes the analogy with elec- 
tricity, preferring when in doubt about the receptance struc- 
ture to return to the differential equations for the network. 

Chapter 2 introduces generalized coordinates and Lag- 
rangian equations. These are then applied to many-degree- 
of-freedom systems and the idea of receptance extended to 
relate generalized forces and coordinates. Discussion of 
principal coordinates and orthogonality leads up to Rayleigh’s 
principle. 

The transition to distributed-constant systems is made 
using the stretched string as an example. The discussion 
covers generalized receptances in series form, characteristic 
functions, and the representation of arbitrary disturbances 
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in terms of them. Then the validity is examined of the 
unavoidable approximations introduced in idealizing real 
structures for theoretical purposes. Rayleigh’s principle 
illuminates these considerations. 

Chapters 6 and 7 apply these ideas to the torsional, 
extensional and flexural vibration of bars, making the usual 
engineering approximations regarding stress distributions 
over the cross sections, etc. A comprehensive treatment 
from the receptance viewpoint of such vibrations in single 
and composite elements is supplemented by valuable lists of 
receptances and tabulations of characteristic functions. 

The next two chapters turn to the inclusion of damping, 
both viscous and hysteretic, in the equations of many-degree- 
of-freedom systems. They include discussion of how and 
when the principal modes cease to be independent, and of 
the coupling between them for small damping. The remain- 
ing two chapters consider non-steady vibration. A general 
technique is described for solution of free vibration problems 
with given initial conditions in complex structures, and 
finally excitation by arbitrary forces, using the Duhamel 
Integral, is discussed. 

The mathematics used in the book is well within the range 
of undergraduate students, and extreme rigour is not sought. 
The text is lucid, orderly and very readable throughout. A 
special feature is the large number of examples (with answers) 
provided for solution, a set following each section of a 
These make the book especially useful to the 
teacher and advanced student, while to the physicist or 
engineer meeting problems of structural vibration it will be 
invaluable not only for its didactic qualities but for the 
grounding in analytical techniques which it provides and the 
many tabulations of useful functions and formulae which it 
includes. 

The book, running to some 600 pages, is produced to the 
normal high standards of its publishers and is exceptionally 


free from errors. G. G. PARFITT 
An introduction to the theory of vibrating systems. By W. G. 
BIcKLEY and A. TaLsor. (Oxford: Clarendon Press, 


1960.) Pp. xiv + 238. Price 30s. 


This volume is an extremely useful addition to the available 
literature dealing with vibration problems. The text may 
be considered in three parts: Chapters 1-5 which deal with 


| the basic ideas of vibration in terms of the simplest mechanical 


and electrical systems; chapters 6-9 which develop the 
theory of Lagrange’s equations and Rayleigh’s principle and 
apply them to systems with several degrees of freedom; 


} chapters 11-15, wherein wave propagation and vibrations 


in continuous systems are discussed; chapters 10 and 16 are 
on electro-mechanical analogies and non-linear systems 


_ respectively. 


This planning works very satisfactorily in that energy 
concepts are introduced and explained in the second and 
third chapters and the reader is well prepared for their use 
in the work which follows Lagrange and Rayleigh. The 
other physical ideas which are important in the application 
of boundary conditions in continuous systems are also care- 
fully explained. The similarity of the mathematical features 
in the formulation of vibration problems is emphasized 
throughout. The final chapter on non-linear systems 
provides an admirable introduction to a more specialized 
text like Stoker or Andronov and Chaikin. 

There are exercises at the end of each chapter (except the 
last) which seem admirably chosen and whose answers as 
quoted are correct in the case of all samples checked. 
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For any student or research worker concerned with 
vibration problems who has the requisite mathematical 
background—little more than really thorough knowledge of 
an Advanced Level syllabus is needed—this book should 
prove invaluable, particularly since he should find the dire 
necessity for any other tutor infrequent. 

The book comes from The Clarendon Press and is produced 
with the accuracy and quality which few publishers offer for 
the price. M. J. P. MUSGRAVE 


An introduction to applied anisotropic elasticity. By R. F. S. 
HEARMON. (London: Clarendon Press; Oxford Univer- 
sity Press, 1961.) Pp. viii + 136. Price 35s. 


Dr. Hearmon’s monographs have become something of a 
vade mecum for anyone studying problems in classical 
elasticity, and it is most welcome to find many of the tables 
and formulae which originally appeared in these papers 
now collected together in the early chapters of the present 
work. 

The author’s approach is, to use the current jargon, 
“‘phenomenological’—that is, he starts from Hooke’s law and 
does not attempt to relate the elastic moduli to the concepts 
of atomic physics. The first three chapters establish the 
foundations of the subject, and Dr. Hearmon is at his most 
lucid in sorting out order from the chaotic jungle of contracted 
notations which has grown up. There is a brief description 
of methods of measurement of elastic moduli, but the 
emphasis is on the theory of the subject, in preparation for 
the later chapters of the book. On the whole the text is clear 
and concise, although the addition of a few diagrams would 
have made the section on crystal symmetry easier to follow. 
In the next two chapters the author considers a number of 
problems in elastostatics, and the remainder of the book is 
devoted to the analysis of dynamical problems, chapter six 
being mainly an account of some recent work on propagation 
of plane waves in anisotropic solids. Dr. Hearmon has 
devoted a considerable section of his book to this topic, and 
I think its intrinsic interest alone is sufficient to justify him 
in doing so. 

The author states in his preface that he intends the book 
to be read by physicists and engineers rather than by pure 
mathematicians; this needs some qualification, as the treat- 
ment is predominantly theoretical and of necessity makes 
fairly heavy demands on the reader’s mathematical ability. 
However, to any person seriously interested in the subject it 
is quite indispensable, and can be unhesitatingly recom- 
mended as a sound and perspicuous introduction. Pro- 
duction is of high quality; the type is clear and elegant, and 
equations are well set out. There is a useful list of principal 
symbols, and a comprehensive bibliography at the end of the 
book. H. PURSEY 


Large elastic deformations and non-linear continuum mechanics. 
By A. E. GREEN and J. E. Apkins. (Oxford: Clarendon 
Press, Oxford University Press, 1960.) Pp. xiii + 348. 
IETICe 5: 


This book gives a connected account of the developments 
in large displacement elasticity over the last seven years. It 
will therefore be invaluable to all who work in this specialized 
field. To the much larger group of workers in the other 
branches of theoretical solid mechanics (of whom the reviewer 
is one) it will provide an enjoyable and stimulating account of 
a rapidly developing subject, even though they will probably 
have to take much of the analysis on trust. It is not 
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impossible that, with the next ten years, an understanding of 
this subject will become a prerequisite for research in solid 
mechanics. 

Chapter 1 starts with the basic formulae of the subject (for 
proofs, reference is made to Theoretical Elasticity by Green 
and Zerna, Clarendon Press, 1954) and then the strain energy 
function is found for the basic crystal classes. This treatment 
may be of special interest to the crystallographer. Chapters 
2, 3 and 4 give the few exact solutions of the finite theory, the 
plane strain theory and the plane stress and membrane 
theories respectively, and chapters 5 and 6 develop techniques 
of solution by successive approximation. Chapter 7 con- 
siders reinforcement of elastic materials by inextensible 
cords, which has application to tyres and to fire hose. 
Chapters 8 and 9 treat the stability and thermodynamics of 
the deformations. Chapter 10 considers the experimental 
determination of those physical properties of vulcanized 
rubber, which appear as arbitrary functions in the general 
theory. Chapter 11 is concerned with rheological equations 
of state and is therefore even more general than the rest of 
the book. D. R. BLAND 


Impact: the theory and physical behaviour of colliding solids. 
By W. Go.tpsmitH. (London: Edward Arnold, 1960.) 
Pp. xv + 379. Price 90s. 


There are seven chapters: Introduction (3 pp.), Stereo- 
mechanical impact (16 pp.), Vibrational aspects of impact 
(52 pp.), Contact phenomena produced by the impact of 
elastic bodies (55 pp.), Dynamic processes involving plastic 
strains (95 pp.), Results of impact experiments (47 pp.), and 
Dynamic properties of materials (68 pp.). This last chapter 
is relatively short and perhaps a little biased towards the 
properties of metals. But much indirect information on 
experiments is interspersed with the theory in the earlier 
parts. The bibliography is extensive. Besides a main list 
of 442 alphabetically ordered references, there are substantial 
collections of supplementary references to the individual 
chapters. 

The book covers a very wide range of topics in applied 
mathematics and applied physics. Inevitably, the informa- 
tion is highly condensed. Also inevitably, readers interested 
in some special topic will be able to think of references that 
have been omitted. For instance, H. Kolsky’s work on 
pulse propagation in idealized polymers might have deserved 
a place in section 3.10. Generally speaking, the way in 
which reference numbers are given as superscripts to words 
of the text, without other indication of their relevance, makes 
for hard work on the reader’s part. 

Having thereby hinted at some possible criticisms, one 
must add quickly and emphatically that in many ways the 
book is admirable. Physical principles and mathematical 
arguments are presented clearly and accurately, despite the 
necessary brevity. The way in which Professor Goldsmith 
can short-cut several paragraphs of explanatory text is 
exemplified by the idealized stress-strain curves of Figure 128, 
page 207. For an example of lucid mathematical exposition 
see section 2.8 on the Lagrangian equations for impulsive 
motion. 

There is no doubt that this work will prove extremely 
useful to any physicist who has a strong interest in applied 
mechanics. Beyond its value as a source of reference, it 
gives the research worker a good demonstration of the 
application of the theory to complex phenomena. The 
treatment of impact problems requires a combination of 
classical mechanics and elasticity theory with plasticity 
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theory, and, occasionally, with hydrodynamics. For success, | 
the choice of the right idealizations is all-important. This 

requirement is, of course, central to theoretical physics in 
general. Hence the book can teach not only about impact, 


but also about the methodology of applied mathematics. 
F. C. ROESLER 


Mechanical waveguides. By M. R. REDWOOD. (Oxford: | 
Pergamon Press, 1960.) Pp. ix + 250. Price 50s. 


The subject-matter of this book is more precisely conveyed 
by the sub-title ‘The propagation of acoustic and ultrasonic — 
waves in fluids and solids with boundaries’. 

Starting from definitions of strain to first order, stress and — 
the generalized Hooke’s Law, the equations of motion for — 
solids and fluids are derived. Attention is then immediately | 
focused on the wave equation and solutions appropriate to 
unbounded isotropic media are developed. These solutions 
are used to solve reflection-refraction problems at the plane | 
interface between two semi-infinite media. Succeeding | 
chapters (3, 5, 6, 7) deal with solutions for continuous pro- 
gressive waves in plates and circular cylinders and Chapter 8 
gives a brief résumé of solutions for cylindrical rods of other 
cross sections and for circularly cylindrical shells. 

Most, if not all, of this material may be found in Love’s 
Mathematical Theory of Elasticity or other well-known texts 
as indeed the author implies in his Introduction. However, 
it is here very competently collated and is of immediate 
relevance to the other large fraction of the book, Chapters 4, 
9, 10, which concerns the propagation of pulses in fluid and 
solid waveguides, viz. along plates and circular cylinders. 

In this field, the author is himself a pioneer and he has 
given us between the covers of this book an exposition of 
much important work which was hitherto widely scattered. 

The final chapters 11, 12, 13 on multi-layer problems, 
resonance and anisotropic media are essays of introduction 
to the respective subjects. There are five useful appendices. 

The references given at the end of each chapter are 
extensive; those particularly relevant to the text are itemized 
separately. 

For the electrical engineer or the physicist with expertise 
in electronics who starts to face problems in fluid and solid 
mechanics, this book should be of the greatest value since 
while dealing largely with mathematical theory, Dr. Redwood 
never fails to remind him of the difficulties and assumptions 
involved in relating theory and experiment. The more 
mathematically inclined may wish he would preserve cyclic 
order (e.g. Eqns (1.3), (1.4), p. 4, or pp. 260, 266) but they 
will find much to appreciate. 

There remain a few misprints, mostly suffixes or affixes 
(none noticed by the reviewer gives rise to serious ambiguity) 
and the question of layout and readability of the mathematical 
expressions (see Eqn (1.7) or p. 149). Ideally, a larger size 
of page would be chosen for such a text and it is to be hoped 
a more spacious edition may be considered in the future. 

M. J. P. MUSGRAVE 


Non-destructive testing, ultrasonic devices, X-ray micro- 
Scopy, etc. 


Techniques of non-destructive testing. Ed. C. A. HoGARTH 
and J. Buirz. (London: Butterworths, 1961.) Pp. vii 
+ 216. Price 40s. 


This volume contains the substance of a course of lectures at 
Brunel College of Technology together with some additional 
material. It is intended that it should be of use to “inspectors 
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and others concerned with the application of non-destructive 
testing techniques in industry and commerce”. (One author 
uses the description “‘non-destructive test technicians’”’.) This 
intention has determined the general choice of subjects and 
level of treatment. 

Radiology is covered by a chapter on general principles 
followed by a chapter on the methods which are in use. 
\There are two parallel chapters on Ultrasonic testing and 
single chapters on Radio-isotopes, Magnetic methods, Eddy 
\current methods, Penetrant methods, and the Thermal 
|comparator (a very useful chapter on a technique which is 
not widely known). A final chapter gives an account of the 
jase of non-destructive testing methods in an organization 
.|mainly concerned with the inspection of aircraft components. 
The sections describing basic principles are elementary and 
.|zenerally adequate. The illustrations are simple and direct 
.|2xcept in one case where, as it stands, the diagram is not 
.pufficiently indicative (Fig. 5.1). In the sections dealing with 
.|:echniques there is much material of direct concern to the 
_\oractical man (technician perhaps) who is using the methods. 
_|(t is not by any means certain that anyone could use the book 
.|as a complete guide to the application of any of these methods 
uthough for some of them a considerable amount of detail 
.|S given. 

.| The book will evidently serve as an introductory text for 
people who wish to become inspectors or technicians in this 
.jield. It will help those who wish to get a broad view of the 
bubject. It is not comprehensive enough to enjoy the full 
,|jtatus of a complete practical treatise. Physicists and others 
‘who are concerned with the physical principles and with 
sroperties of materials which could form the basis of new 
(ests will, quite obviously, not use this book. In so far as 
t explains the physical principles of existing techniques it 
nay however be considered to represent an attempt at 
sommunication—necessary and desirable “‘all along the line’’. 

K. W. ANDREWS 


{|JItrasonics. By B. CARLIN. 2nd edn. (London: McGraw 
Hill, 1960.) Pp. ix + 309. Price 89s. 


‘i[his is the second edition of a book by an American engineer. 
‘The author is mainly concerned with the practical design 
‘ind application of ultrasonic devices, rather than with the 
‘}heoretical background to the subject. This approach is 
}articularly noticeable in the first chapter, which is intended 
‘is a general introduction to the subject. The manner in 
‘jvhich this introduction is presented could confuse a new- 
Somer to the subject, or irritate anyone more familiar with 
jhe concepts summarized. In particular, the brief discussion 
lof wave motion is unfortunate, and the descriptions of a 
wave-train’ and a ‘typical’ pulse shape are misleading. 

The second and third chapters are concerned with piezo- 
‘}lectric materials and their use in ultrasonic transducer 
 ssemblies. A useful chart for determining the electro- 
inechanical characteristics of various piezoelectric crystal 
lices is reproduced. The properties of the major cuts of 
jjuartz crystal slices are discussed at some length. To have 
iummarized these concisely and carefully might have been 
#aore valuable. The third chapter includes some figures 
illustrating the construction of a variety of crystal mountings. 
iiome of these (e.g. Figs 3-20) are neatly drawn. Others 
such as Figs 3-21) are apparently reproduced from other 
hublications and include symbols and subsidiary sketches 
jvhich are not referred to in the text. 

} The chapter devoted to magnetostriction includes des- 
iriptions of most of the transducing arrangements and 
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techniques in general use. The occasional use of unexpected 
abbreviations is distracting. For example, ‘the Joule’ is 
used when ‘the Joule effect’ would have been more accurate. 
Magnetostrictive delay lines are mentioned in this chapter. 
The author states that the use of these “‘is not so common as 
that of the crystal types’. This comparison of magnetostrictive 
and piezoelectric delay lines may not now be as valid as at 
the time of the 1949 first edition, when computer applications 
of the magnetostrictive delay line would have been much 
less than in more recent years. 

The author includes an enthusiastic chapter devoted to 
miscellaneous ultrasonic transducers such as whistles, sirens 
and various electromagnetic devices. Consideration is then 
given to certain measurement techniques applicable to ultra- 
sonic experimentation. A table of ‘typical’ exposure times 
is given for photographing cathode-ray tube traces, together 
with a suggested method for mounting a camera for this 
type of work. The text confirms that the exposure table 
refers only to a particular phosphor, although no information 
is given on the cathode-ray tube beam current and final anode 
potential for which these results were obtained. Unfor- 
tunately many of the otherwise useful cathode-ray tube 
trace photographs actually included in the book exhibit 
distortions attributable to poor photography. 

A chapter on high-power ultrasonics and two on non- 
destructive testing include considerable reference to practical 
circuit arrangements and actual instruments and equipment. 
In an interesting chapter on ultrasonic effects a large number 
of different phenomena are described. Further ultrasonic 
applications such as materials testing, medical techniques, 
cleaning, soldering and drilling are broadly surveyed in a 
final chapter. 

Some small printing errors exist, such as the use of the 
Roman XI for a chapter heading (page ix), the spelling of 
text as ‘test’ (page 31, line 18), and the omission of the acute 
accent in ‘Lamé’s constant’ (page 31, line 23). The book 
includes numerous references, many of which will interest 
the reader seeking to widen his knowledge of practical 
work carried out in recent years. An adequate index is 
provided. M. A. SNELLING 


X-ray microscopy. Cambridge monographs on physics. By 
V. E. CossLteTt and W. C. NIxon. (Cambridge: 
University Press, 1960.) Pp. xiv + 406. Price 80s. 


Radiography deals with the x-ray shadows of opaque objects 
at unit magnification and their observation without visual 
aids. X-ray microscopy is interested in finer detail and looks 
either at shadows which are geometrically, by point pro- 
jection, enlarged (projection microscopy) or at well defined 
shadows under a microscope (contact microradiography) or 
it uses a combination of both methods. X-rays of wave- 
lengths in the 104 region are normally employed, and by 
both techniques resolution down to about 0-1 microns is now 
being achieved. Attempts at using optical imagery proper 
with x-rays have not so far been very successful. On the 
other hand, indirect methods of using locally emitted x-rays 
to obtain information about the composition of surfaces 
(x-ray emission microscopy) have made a promising start. 
The last decade has seen a remarkable increase in the interest 
in x-ray microscopy which has led to considerable progress. 
Members of the growing community of x-ray microscopists 
and others interested in the field will find in Cosslett and 
Nixon’s text a review of the present position of the art, well 
documented by a systematic collection of references. 
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The book reads easily. Even non-physicists should be able 
to read it without recourse to other sources of knowledge as 
the basic facts and some simple calculations are explained at 
considerable length. The book contains also a large variety 
of detailed information. On the other hand, the data pro- 
vided are not sufficient to enable a newcomer to set up his 
own apparatus. Such detail as is given certainly enlivens the 
text, but on occasions the reader might be puzzled by its 
selection. It seems curious to find statements such as ““The 
penetration of x-rays is high compared with visible light 
because of their much shorter wavelength .. . ’’, or to find 
winding data given for a magnetic lens without corresponding 
detail about the iron core and the pole pieces. Again, a 
large number of reproductions of beautiful microradiographs 
illustrate various applications of the art, but text and captions 
tell the reader only what they are and how they were obtained, 
and often do not indicate their significance or what useful or 
new facts the photographs reveal. 

The active x-ray microscopist will enjoy reading the book 
as a survey. It will widen his horizon and make him review 
the scope of his work. The prospective x-ray microscopist 
can from the examples form an opinion about the applic- 
ability of the various techniques to his problems and he will 
get an idea of the experimental difficuities he may encounter. 
He will not find a blueprint for his work, but will acquire a 
sound background for further enquiries. 

W. EHRENBERG 


Progress in semiconductors. Vol.5. Edited by A. F. Grsson, 
F. A. Kr6GeER and R. E. BurGcgss. (London: Heywood 
and Company, 1960.) Pp. viii + 318. Price 63s. 


The book maintains the high standard set by preceding 
volumes in the same series. A large part of it is devoted to 
optical properties. T. P. McLean deals with the structure of 
the absorption edge spectrum on the basis of direct and 
indirect transitions and also gives a brief description of 
experimental techniques. By the use of gratings in place of 
prisms, the resolution of infra-red measurements in the 
neighbourhood of | micron has been increased by about one 
order of magnitude. The effect of exciton generation is 
considered and it is shown how absorption measurements can 
lead to information not only about the electronic states near 
the band edges but also about the vibrational spectrum of the 
semiconductor. This article is suitable for newcomers to 
the subject. 

T. S. Moss contributes a concise review of indium anti- 
monide, dealing with the various absorption mechanisms and 
also with recombination, magneto-optic effects, photo-effects, 
conduction properties and, quite briefly, with several applica- 
tions. A wide field is covered, but the references are very 
good and make the review, amongst other things, a useful 
guide to the literature. 

The subject of magneto-optical phenomena is further 
developed by B. Lax and S. Zwerdling who deal specifically 
with magneto-absorption, the Zeeman effect of excitons, the 
Faraday rotation and magneto-plasma effects. There is an 
interesting discussion of the manner in which the measurement 
of these effects supplements and extends the information 
derived from cyclotron resonance. The authors indicate 
how the combination of high resolution spectroscopy, low 
temperatures and very high magnetic fields could be further 
exploited, not only for research on semiconductors but for 
other solids as well. 

A review of recent researches on graphite has long been 
overdue. R.R. Haering and S. Mrozowski discuss the band 
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structure and electronic properties, including such topics as 
the oscillatory Hall effect. J. Appel gives an account of} 
recent work on heat conduction in semiconductors from 
phenomenological and fundamental points of view. Again, 
not suitable for newcomers. A discussion of chemical 
binding by E. Mooser and W. B. Pearson covers a wide rang 
of substances and should be particularly useful in the explora-} 
tion of new materials. It includes a new and interestin 
discussion of the relationship between surface structure and 
surface states. Semiconductor surfaces are also the subject} 
of a separate article by T. B. Watkins. This is a fine intro~ 
duction and deals with surface conduction and recombination} 
as well as the corresponding field effects. There are ninety-. 
nine well chosen references. 

Review books of this kind can provide their most valuable 
service by offering readers an opportunity for acquainting 
themselves with recent progress in fields other than their own. | 
To do this well, the various articles should be designed } 
essentially to introduce, to survey, to stimulate and to teach. | 
It is not always necessary to go to the limits of theoretical. 
complexity and sophistication and, indeed, many reviews are } 
the better for avoiding this. From this point of view, the’ 
contributions to this volume could be more uniformly 
effective than they are, but the book remains a valuable aid 
to the semiconductor physicist and can be safely recommended. 

H. K. HENISCcH 


Nuclear physics 


Progress in nuclear energy, series 1V. Technology, engineering 
and safety. Vol. III. Edited by C. M. NicHo_ts. (Oxford: 
Pergamon Press, 1960.) Pp. viii + 448 + xii. Price 
53) OWE 


This is the third volume in the section of ‘Progress in Nuclear 
Energy’ dealing with technology, engineering and safety. It 
is, of course, impossible to cover such an all-embracing field | 
in a representative manner in a single volume, and the 
selection of papers therefore appears somewhat arbitrary. 
The intention is to review selected topics in the field, rather 
than to publish original contributions; the usefulness of the 
book therefore depends upon the lasting value of such reviews. 
Two papers in the engineering section deal with pumps 
used in the nuclear engineering industry. The first is a fairly 
comprehensive review of the performance of gas bearings in 
gas compressors, and should provide a useful introduction to 
anyone wishing to design such a compressor. The second is 
little more than a catalogue of the various designs of mecha- 
nical and electromagnetic pumps which have been developed 
for handling difficult liquids. The discussion of their relative 
merits is rather superficial, and would not enable the design | 
engineer to make a firm choice between them. 
The technology section includes a useful review of steam | 
as a reactor coolant, and four papers dealing with the 
chemistry and metallurgy of fuel and fuel elements. One of 
these sets out the solutions to a range of steady and transient 
thermal stress problems, and will certainly be of use to the 
designer of metallic fuel elements. One feels, however, that 
the usefulness of the paper would have been enhanced by 
more frequent comparisons with experiment. | 
The final two sections deal with criticality and with reactor 
safety problems. The first paper presents a very compre- 
hensive review of eighteen criticality accidents which occurred 
in the United States in the period 1945 to 1956, together 
with a most interesting analysis of each. One is left with the 
impression that a great deal of care and effort has been 
devoted to the analysis of data which, though sometimes 
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' rather sparse, are of enormous value. 
unfortunately occur, it is perhaps as well to be prepared, and 


' to control such emergencies. 


present known, ( 
| developments to another volume, then the space thus gained 


} would have been most useful. 
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Since such accidents do 


the second paper considers the steps which should be taken 
It is noteworthy that in a 
number of cases the serious consequences of an accident 


' have been materially reduced when the people concerned 


have been adequately trained beforehand. It is to be hoped 
that as much effort is normally devoted to the analysis of a 
process before it is put into operation, and the remaining 
papers in this section should be of use in this respect. Two 


} are devoted to the criticality of homogeneous solutions and 
‘mixtures, the first dealing with uranium—water systems, and 


the second with plutonium—water systems. In the case of 
uranium it has been possible to test the theory against a 
considerable volume of experimental work; in the case of 
plutonium, experimental data are rather sparse. The remain- 
ing papers consider neutron interaction in an array of 
assemblies of fissile material, and mathematical models used 
'in assessing criticality problems. 

Finally, under the heading of Reactor Safety there are 
papers on stored energy in graphite, control of effluent from 


‘» reactors and chemical plant, and reactor emergency shut- 


|) down equipment. 
tH! 


‘as a clear and interesting summary of experimental results 


The latter two are unlikely to be of general 
‘interest, but the paper on stored energy can be recommended 


_and their interpretation. 
On the whole this collection of reviews is rather more 
successful than most of its type, mainly due to the useful and 


| comprehensive collection of papers on criticality problems. 


W. B. HALL 


Kernenergie Technik. By H. ENGEL and K. O. THIELMANN. 
(Munich: Verlag Moderne Industrie, 1960.) Pp. 
vii + 300. Price 68s. 


\| task of reviewing nuclear energy practice in all its aspects 
t|) within the compass of only 300 pages. 


It opens by describing 


fused. From this point it proceeds to deal with the par- 


| ticular types of reactor at present constructed, the economic 
‘implications of nuclear energy and its uses, and concludes 
with a chapter on the outlook for a practical source of 
‘thermonuclear power. 

The overriding impression gained on reading the book is 


| one of drastic condensation dictated by the attempt to be 
i exhaustive, and reviewing the result one cannot help ae 


in which diffusion theory is not mentioned and the 
spatial distribution of neutron density only incidentally 
Even more surprising in the circumstances is 
the restriction of heat transfer problems, which, from the 


-engineer’s point of view, are the key to future reactor design, 


to only 16 pages. Had the authors, for example, attempted 
a little less by confining themselves to technical aspects as at 
leaving economic questions and future 


Probably the most serious 
consequence of this brevity is that only the reader who is 
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already expert in this field will realize quite how much that 
is fundamental has been omitted. 

Having once accepted the aim of the book, a most attrac- 
tive feature is the inclusion of many clear graphs giving 
immediate numerical values of most quantities involved in 
reactor design. Indeed, here lies its greatest value to the 
practising reactor technician and it should prove invaluable 
for obtaining figures to put into all kinds of ‘back of 
envelope’ calculations regarding reactor operation and 
design. The reader is helped in this by the provision of 
worked examples to each chapter, though again there is a 
danger that the unwary may not realize just how much these 
have been simplified. Although errors and omissions in the 
individual sections can be found, the authors are to be very 
much commended on their selection of the items to be 
included, which must have been a truly difficult task. It is 
therefore surprising that, in the section on material pro- 
duction, he has chosen to make no mention of the chemical 
exchange method of deuterium production. The book 
concludes with a useful although short bibliography. 

To sum up, for anyone wanting a short overall review of 
the atomic energy field, and to the expert wanting to obtain 
some approximate figures quickly, this book, read with an 
understanding of its limitations, will prove most useful. 

M. J. POOLE 


Fast neutron physics: Part I. Techniques. Interscience 
monographs and texts in physics and astronomy, Vol. IV. 
Edited by J. B. MARION and J. L. Fow.Ler. (London, 
New York: Interscience Publishers, 1960.) Pp. xiv + 
983. Price 218s. 


Most nuclear physicists are aware that the literature of slow 
neutron physics, because of its connection with the nuclear 
reactor, is extensive and detailed. However, it may surprise 
many that the physics of fast neutrons now presents so many 
diverse features that a volume of nearly 1000 pages has been 
produced to describe merely the instrumental side of the 
subject. The theory is to follow in Part Il, which may well 
be of comparable size. The reason for this scale of effort is 
partly that the subject is treated at full reference-book level, 
and partly that nuclear physics presents such a closely 
interlinked pattern that a discussion of one branch inevitably 
brings in references to many others. In the present encyclo- 
paedic book the editors have defined fast neutrons to be 
those with energies lying between 1 kev and ‘several hundred’ 
Mev, although the emphasis in the 24 articles is mainly on 
energies below 40 Mev. Each article is meant to be complete 
in itself and this leads to a certain amount of unavoidable 
duplication, probably noticeable only when the book is read 
through, rather than consulted. 

The first section, Neutron Sources, deals with radioactive 
sources as well as the monoenergetic type of source based 
principally on the (p, n) and (d, n) reactions. Much of the 
remainder of the book is concerned with measurements made 
using the 3H(d, n) and ’Li (p, n) reactions and the latter 
receives detailed treatment in a chapter of 43 pages, 17 of 
which are tabular. Section II contains 5 chapters on Recoil 
Detection Methods in which the applications of gas-filled 
counters, scintillators, and visual detectors are discussed. 
The volume was apparently completed too soon to include 
more than a very brief mention of the new solid-state 
detectors, but it is surprising that Cerenkov counters for high 
energy neutrons and semi-automatic methods of track 
analysis for photographic plates and bubble chambers are 
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not mentioned. Section III, Detection by Neutron-Induced 
Methods, covers the popular long counter, the liquid scintilla- 
tor, the gaseous scintillator, the helium-3 spectrometer and 
fission detectors. The final section, on Special Techniques 
and Problems, includes monographs on time-of-flight tech- 
niques, neutron flux measurements, shielding problems and 
radiobiology. The last is an excellent elementary survey of 
the biological effects of radiation in general. The final 
chapter gives a brief and welcome account of some computer 
techniques. 

The articles in this book are authoritative, detailed and 
informative; they generally cover work which was available 
at the end of 1958 or early in 1959. The 33 authors, most 
of whom are attached to large research laboratories, have 
spared no pains to illuminate ail facets of their subjects. As 
a result, the general reader will find the detail excessive at 
many points, but this is what is required of a reference book, 
whose price will in any case probably confine it to libraries. 
The book is well produced and will be of service to all who 
are concerned with the design of fast neutron experiments; it 
is to be hoped that its companion volume will be of equal 
use to those who wish to interpret their observations. 

W. E. BURCHAM 


Controlled thermonuclear reactions—an introduction to theory 
and experiment. By S. GLASSTONE and R. H. LOVBERG. 
(London: Van Nostrand, 1960.) Pp. xvi + 523. Price 
42s. 


This account of the present state of controlled thermonuclear 
research may possibly be the last of its kind. It contains a 
description of a number of possible devices which it had been 
hoped might be developed into thermonuclear reactors, 
together with accounts of the experiments inspired by these 
hopes. In part, it represents a fuller, more detailed and more 
technical revision of Bishop’s history of the American fusion 
program ‘Project Sherwood’, although reports of British, 
European and Russian work are included. 

The picture presented is, superficially, rather discouraging; 
the principal result of several years’ intensive research, 
including much elegant theory and a number of ingenious 
experiments, has been the discovery of several unexpected 
difficulties in the path toward a controlled thermonuclear 
reactor. This stresses what has long been conceded intel- 
lectually by workers in the field, but only much more recently 
emotionally felt—that attainment of controlled thermo- 
nuclear reactions will demand a complete understanding of 
the physics of hot plasmas, and is unlikely to be in the grasp 
of some ingenious and fortunate gadget. Such a conclusion 
is not without its consolations to the physicist since plasma 
physics is a most exciting and undeveloped branch of classical 
physics. Besides, while not producing too facile an optimism, 
recent experiments which have involved the compression of 
plasma in magnetic mirrors have given encouraging indi- 
cations of heating and confinement; none the less, I expect 
that those books on the subject to appear in the near future 
will bear titles less suggestive of the inspiration of the research 
and will be organized about topics in the physics of plasmas 
rather than about speculative thermonuclear reactors. 

Although the present work appears to have been assembled 
rather than written, it is refreshing to encounter a survey 
from the experimental viewpoint and one which lays more 
stress On measured numbers than on hopeful speculation or 
elegant formalism. Even if the present dearth of books on 
plasma physics were absent, this work could be recom- 
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mended as an introductory survey to interested physio 


and as required reading for plasma experimenters. 
W. B. THOMPSON | 


Edited by A. B. McINTosH 
Temple Press, 1960.) 


Materials for nuclear engineers. 
and T. J. Heat. (London: 
Pp. ix + 373, Price vos. 


The editors have set out to gather the latest information on: 
the properties of a range of materials used by nuclear engi- 
neers, and to present the information in a form suitable for 
engineers. Individual chapters have been written by members 
of the United Kingdom Atomic Energy Authority who have: 
been engaged in the work concerned, and the range of the 
materials selected is therefore closely connected with oo] 
United Kingdom’s nuclear energy programme. 

There are chapters on: materials information—its uses in 
nuclear engineering, uranium, plutonium, thorium, ceramic: 
fuels, graphite, magnesium, beryllium and zirconium. Each) 
chapter is broken down into sections. The main ones of! 
which are, the nuclear and physical properties of the material, | 
its mechanical properties, its compatibility with other 
materials, its behaviour under irradiation, its alloying: 
properties and fabrication. At the end of each chapter all 
the information on a particular material is summarized in an 
appendix, and a comprehensive list of references given. 

The book is well laid out and is a useful accumulation of 
technical data. Little attempt has been made to correlate 
the results with theory. The preferred aim of the book has. 
been towards a deliberate omission of much of the metallurgi- | 
cal discussion and the significance of the information to the 
engineer discussed instead in the hope that he may derive 
‘a feel for the characteristics of the materials’ he uses. In 
this, the book to a certain degree fails. Not enough effort 
is made to give a physical interpretation of the processes 
involved, and the main use of the book to an engineer would 
be as a handbook of information. 

Probably due to the large amount of data available, the 
chapter on uranium is too condensed. As important a 
property to the engineer as the coefficient of thermal con- 
ductivity is not discussed and only the results from two 
unpublished papers quoted without comment in the appendix. 
The chapter on beryllium is the only one which omits any 
information on the behaviour of the material under irradiation. 

Although ten authors have contributed, a fairly consistent 
presentation is achieved in spite of this inherent difficulty of 
a composite volume. The range of the materials selected is 
fairly comprehensive. Further chapters on control rod and 
vessel materials would have been useful. J. D. YOUNG 


Nuclear propulsion. Edited by M. W. Turina. 
Butterworths, 1960.) Pp. 300. Price 50s. 


The book deals with the problems associated with nuclear 
marine propulsion and nuclear-powered aircraft and rockets. . 
It can be divided into two sections. In the first half basic | 
nuclear and reactor theory is first considered, followed by a 
chapter on the thermodynamics of jet and rocket propulsion. — 
This is then followed by chapters on the various aspects of 
reactors—design, control and instrumentation, and heat. 
transfer. The second half of the book is principally con- 
cerned with nuclear propulsion and its possibilities for ships | 
and rockets. Some interesting side lines, such as the handling 
of working fluids and aspects of life in sealed cabins are also 
covered. 


(London: 
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As is to be expected in a book that covers a variety of 
specialized topics, the contents consist of a number of articles 
written by different authors, which technique can lead to 
some repetition and to a sense of diffuseness about the general 
purpose. This book does not avoid these pitfalls and it is 
difficult at the end really to pick out some of the problems 
associated with nuclear propulsion or the manner in which 
they have been, or might be solved. Also the notation used 
is not always consistent throughout. 

However, many sections of the book make interesting 
reading and an appreciation of the usefulness of nuclear 
reactors for propulsion is certainly obtained. Some topics 
could well have been expanded, for instance shielding, which 
is not accorded a chapter, and heat transfer, and the 
uncertainties in the calculations and their effect of the fuel 
economics pointed out. This also applies to the uncertainties 
in the masses of nuclear fuel required and its expected 
lifetime. No indication is given on the book’s paper cover 
of the type of people for whom it was written. It is probably 
most useful for graduates who are considering entering the 
nuclear reactor field and wish to ascertain the possibilities of 
nuclear propulsion. V. S. CROCKER 


Eléments de physique nucléeaire. By D. BLANC and G. 
AMBROSINO. (Paris: Masson et Cie., 1960.) Pp. 238. 
Price 30 NF. 


This book aims to provide engineers and others coming into 
atomic energy for the first time with the scientific background 
they need to carry on with their work. It is in no sense an 
academic textbook of nuclear physics: theoretical matters 
are mostly avoided, and formulae are often quoted in the 
style of a handbook with only a brief accompanying text. 

Following on a review of elementary atomic structure and 
radioactivity, there comes a detailed account of the dynamics 
of nuclear reactions and the concept of reaction cross section. 
From a brief survey of nuclear reactions in general we turn 
quickly to a fuller account of neutron physics, fission and 
chain reactions. The point of view is always that of the 
nuclear physicist; accordingly, we learn in detail about the 
neutron balance in a reactor, but not at all about problems 
of heat transfer or chemical processing. 

The next chapter deals with nuclear structure and nuclear 
forces. Here more sophisticated matters are discussed— 


‘| nuclear models, statistics, parity, exchange forces, mesonic 


atoms, and strange particles—but the treatment is so brief 


| that the uninitiated would surely find it puzzling. The final 
'| chapter reverts to more practical topics, and gives a useful 


summary of the thermonuclear problem, with some drawings 
and photographs of experimental apparatus. 

In its choice of topics the book is thus a rather curious 
mixture: it reflects perhaps the interests of a ‘pure’ nuclear 
physicist thrust into a milieu where his subject has become 
As such it could be useful for broadening the 
As 


an exposition of the physics of atomic energy for engineers, 


- on the other ‘hand, it is much too uneven in scope and 
| difficulty. Without a doubt the English-speaking reader 
_ should turn to Glasstone instead. 


H. R. ALLAN 


Radioisotope laboratory techniques. 2nd edn. By R. A. 
Farres and B. H. Parks. (London: George Newnes, 
1960.) Pp. xi + 224. Price 25s. 

This manual of practical advice and information has, since its 

original appearance in 1958, become recognized as an 
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indispensable aid in the design and operation of laboratories 
using radioactive materials. The new edition has been 
revised in detail and the chapter on health physics has been 
rewritten in the light of current international recommenda- 
tions on radiological protection. J. M. A. LENIHAN 


Radioastronomy 


The radio noise spectrum. Edited by D. H. MEeEnzeEL. 
(Massachusetts: Harvard University Press; London: 
Oxford University Press, 1960.) Pp. viii--183. Price 60s. 


The photograph of a steerable radio telescope on the dust 
cover of this book will warn the communications engineer 
that the contents may not be quite what he would expect 
from the title. The book is, in fact, based on papers read 
at a conference on Radio Noise held at Harvard Observatory 
in 1958, and deals with ‘noise’ as understood by Radio 
Astronomers. A glance at the contents, however, shows that 
even for Radio Astronomers the title is not very precise. 
There are, for example, chapters, each written by a different 
author, on such non-noise-like subjects as ‘The aurora and 
radio-wave propagation’ (A. M. Peterson), ‘Ionospheric 
scintillation of radio waves of extraterrestrial origin’ (R. S. 
Lawrence), “Meteor Scatter’ (V. R. Eshleman), ‘Interstellar 
Hydrogen’ (T. Gold). 

It is natural in a book based on a conference that much 
of the material should be a summary of published papers. 
The most complete of these are Peterson’s on the aurora and 
Eshleman’s on meteor scatter. Aaron’s chapter on very low 
frequency noise and the allied subject of magnetic fluctuations 
with a period of order one second is a useful survey of a 
little-known subject. 

Amongst the material which has not previously been widely 
published are a chapter in which Gold puts forward the 
suggestion that ‘Whistler-like’ noise might result from the 
dispersion of impulses which arise in the sun and travel to 
the earth along electron streams, and a chapter in which 
Hawkins describes an unsuccessful search for radio noise 
originating in meteors. 

One of the most useful chapters is that by the Editor, 
Dr. Menzel, in which he surveys what is known about radio 
sources in the sky, and summarizes the knowledge in a series 
of contours from which the noise intensity in any direction 
and on any frequency can be determined. This is probably 
the only chapter which will interest the communications 
engineer, who might be misled by the title. The Radio 
Astronomer, on the contrary, might ignore the book because 
of its title: if he did he would miss much of interest. 

J. A. RATCLIFFE 


Theoretical physics 


Small particle statistics, 2nd edn. By G. HERDAN. (London, 
Toronto, Sydney: Butterworths, 1960.) Pp. xxiii + 418. 
Price 80s. 


Certainly in studying particulate systems some knowledge of 
statistical methods is required for the design of experiments 
and the critical appraisal of techniques as well as analysis of 
observational data. Much of the necessary information is to 
be found in Dr. Herdan’s book, and to many workers the 
first edition is already a useful source of reference. 

That a statistician like Dr. Herdan should enter this field 
with such enthusiasm to ‘establish the statistics of par- 
ticles . . . as a branch of statistics, theory and practice, in 
its own right’ is to be welcomed, but he is confronted with 
difficulties. The science of small particles is essentially a 
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practical one. Its statistical aspects must be considered 
against a background of physical theory and experimentation 
and in these matters Dr. Herdan seems to be less at home. 
One gets the impression that much of his book has been 
written around a card index of literature abstracts. Although 
these have not always been thoroughly digested, the many 
references are a valuable feature. 

The new edition follows a similar pattern to the old. The 
eight chapters of Part I deal with fundamental concepts of 
frequency distributions, units and principles of measurement, 
distributions and averages, sampling procedures, standard 
forms of distribution function, graphical representation and 
differences between determination results. They contain new 
sections on automatic counting and sizing, transformation 
between distributions, the Rosin-Rammler law and the 
analysis of variance. Part Il comprises four chapters on 
relations between variable characteristics, correlation methods, 
particle size and other characteristics, and physical and 
chemical properties; there is only a little that is new. Part III 
has three chapters on the attainment of specified fineness, 
industrial mixing and inhomogeneity of polymers. The latter 
two contain much new material. In Part IV the two chapters 
on principles of statistical theory and the design of experi- 
ments remain much the same. 

Part V, as before, has different authorship. In the present 
edition, Dr. M. L. Smith has been joined by Mr. W. H. 
Hardwick and Mr. P. Connor and they have enlarged the 
section to nine chapters. Here, under the title Experimental 
Design and Experimental Errors of Particle Size Determina- 
tion, is hidden an excellent succinct review of the leading 
methods of particle size analysis together with a well- 
balanced appraisal of their particular applications and 
limitations. The ground covered includes optical and 
electron microscopy, automatic counting and sizing (new), 
sedimentation, centrifugal sedimentation, radiometric tech- 
niques (new), dispersions in gases (new), and the deter- 
mination of surface area by permeability, by photo-extinction 
and by adsorption. 

One can find many points on which to criticize this volume; 
in giving a few I do not wish to question its general usefulness. 
Table 2.4 presents sedimentation analysis data extending 
down to a particle diameter of 0-032 yet Table 3.2 gives 
the lower limit of the method as 1 w-2 yu. In the sections 
on automatic counting and sizing, features of ‘spot’ scanning 
are erroneously attributed also to ‘slit’ scans (p. 49); it is 
not true that single spot scans cannot be applied when the 
number of interceptions exceeds the number of (circular) 
particles (p. 339) or that dual beam cathode-ray tubes are 
used for double spot scans (the two beams could not be 
isolated by the detectors) (p. 341). Figures 5.3 to 5.6 give 
he effects of sieve loading on size analysis results but the 
size of sieve on which the load is placed is not stated. Dust 
particles smaller than 5 yx (other than soluble ones) do not 
pass from the lungs into the blood (p. 224). Weight dis- 
tributions seem to puzzle the author, who introduces phase 
space and eigenvalues to aid the discussion (p. 291)! Stokes’s 
diameter is incorrectly defined (p. 299) as the diameter of a 
sphere of the same surface. In electron microscopy one 
does not photograph the image on the fluorescent screen but 
records directly from the electron beam on to the photo- 
graphic plate (p. 336). 

A notable omission from the statistical sections is any 
reference to the problem of particle overlap in randomly 
deposited samples evaluated by microscopy. 

Despite its limitations, the new edition, like its predecessor, 
will be a valuable source of information on statistical matters 
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connected with particle size analysis. I am sure that many | 
practical workers, after reading the last Part, would also | 
welcome a full volume on methods of particle size analysis } 
by its authors—perhaps with a concise appendix on the) 
requisite statistics. W. H. WALTON 
Field computations in engineering and physics. By A. THOM, | 
C. J. Apett and G. F. J. Tempie. (London: Van}j 
Nostrand, 1961.) Pp. vii + 165. Price 30s. | 


This book summarizes the work of Professor Thom and his 
students and colleagues spread over nearly forty years, on 
the numerical solution of partial differential equations of | 
elliptic type, with practical applications in hydrodynamics. 

Fourteen short chapters discuss the derivation of finite- | 
difference formulae, in one and two variables, the method of 

‘squaring’ for solving the resulting algebraic equations 

relevant to elliptic problems, and its application in various 

contexts to the solution of the equations of Laplace and | 
Poisson in two dimensions, problems with ‘free’ boundaries, | 
the biharmonic equation treated as simultaneous second- 
order equations, the Navier-Stokes equation, compressible 
flow, and axially symmetric problems. The whole is illus- 
trated with numerical examples of a non-trivial nature. 

The method of ‘squaring’ is described in detail, and used 
with a variety of formulae, many of which are not widely 
known, for giving better accuracy and quicker convergence. 
A feature of the book, particularly in connection with Lap- | 
lace’s equation, is the use of the stream function and potential 
function either as dependent or as independent variables, 
with the aim of avoiding curved boundaries, and also of other 
conjugate functions, such as direction and a function of the 
velocity, for simplifying the treatment in flow problems. 
Special integration formulae are developed to represent the 
Cauchy—Riemann equations. The functions of velocity and 
direction are particularly valuable for the production of 
‘symmetro-morphic figures’ which consist of an integral 
number of ‘squares’ in the new plane, and which approximate 
to specified dimensions in the original plane. We are then 
solving a problem in a field of slightly different dimensions 
from the original, but the solution is made easier by the 
avoidance of irregular stars, and the slight difference in the 
two shapes is not important for many problems. 

The chapter on convergence and propagation of error uses 
fairly elementary methods to find what other authors call 
‘the largest eigenvalue of the iteration matrix’, and the results 
agree with those of more rigorous mathematical investiga- 
tions for the simple 4-point formula. Other results are given 
for the standard 9-point formula (the ‘20° formula) and for 
another which uses a wider spread of points (the ‘100’ 
formula). The more elaborate formulae give more rapid 
convergence and the relevant matrices have smaller inverses, 
so that what a ‘relaxer’ would call the ‘residuals still unliqui- 
dated’ have a smaller effect on the required values of the 
function. 

_The treatment of singularities of various kinds is also 
discussed, usually on an ad hoc basis and often lacking 
rigorous mathematical justification, but with methods which 
apparently work. This, in fact, is the value of this book. 
The methods work, and they represent the artistic branch 
of numerical computation to which engineers and other 
scientists, of whom Professor Thom is an outstanding 
example, have made such valuable contributions. But not 
all the methods have been programmed for the automatic 
machine, and some still need human judgment which is 
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difficult to code. It is a challenge to the mathematician and 
numerical analyst both to ‘mechanize’ these processes and 
also to provide the rigour needed to transform the art of 
computation into the science of computation. I Fox 


Plasma physics. By J. E. DRUMMOND. (London: McGraw- 
Hill, 1961.) Pp. xiv + 386. Price 97s. 


Plasma physics by J. E. Drummond is a collection of articles 
on plasma physics, by various workers in the field, which 
should prove to be very useful to all those who work in the 
field of electron gases, as well as to those who are interested 
in the many-body problem more generally. 

The book begins with a brief introduction to the whole 
subject, in which the history is summarized and some of the 
main concepts of plasma theory, both classical and quantum 
mechanical, are described. This section has an extensive 
bibliography, which should be helpful, especially to those who 
are new to the field. 

Following this introduction a considerable range of topics 
is treated, starting in the first part with the spectra of systems 
of interacting particles, going on to the statistical mechanics 
of plasmas, and the amplification and attenuation of waves. 
In the second part, the subject of magneto-hydrodynamics is 
reviewed, and certain aspects of the stability of pinches are 
studied in considerable detail. The third part studies the 
relationship between microwaves and plasma physics, going 
into the question of shock waves, plasma vortices, power 
absorption, magnetron theory, and the use of microwaves to 
investigate the processes that take place in controlled fusion 
research. Finally, there is a chapter describing Plasma 
Physics Research at M.I.T. 

This book, representing the work of recognized authorities 
on the various subjects treated, helps to provide a systematic 
exposition of many aspects of plasma theory, most of which 
have developed so recently that they are available only in 
scattered articles in the published literature. It also contains 
some new material that is not to be found elsewhere. On 
the whole, the presentation of the various articles seems to be 
satisfactory. As is perhaps inevitable in a collection of this 
kind, the over-all effect is somewhat disjointed. The book 
therefore does not serve as a useful introduction to plasma 
physics, of a kind that is needed, for example, by a student 
who is just beginning in the field. On the whole, the book is 
more likely to be useful to those who already have a good 
general grounding in the subject, and who wish to go into it 
more deeply. D. J. BoHM 


Wave propagation in a turbulent medium. By V. I. TATARSKI, 
translated by R. A. SILVERMAN. (New York, Toronto, 
London: McGraw-Hill, 1961.) Pp. xiv+285. Price 76s. 


This monograph is a comprehensive account of the scattering 
and modification of electromagnetic and sound waves as 
they pass through a medium with random fluctuations of 
velocity and density caused by turbulent flow. The material 
is predominantly theoretical but there is included a con- 
siderable quantity of experimental measurements that test 
the theoretical predictions. The first of the four parts opens 
with a brief account of random functions and random fields 
and of their statistical description in terms of correlation 
functions, spectrum functions and structure functions, and 
uses these methods for the description of the random fields 
of velocity and of passive additives to a turbulent flow. The 
theory of local isotropy, which is particularly relevant to the 
subject of the monograph, is developed and the most 
important results for velocity and temperature fluctuations 
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are obtained. The second part contains the theory of 
scattering of electromagnetic and sound waves by a finite 
volume of fluid containing time-independent, random fluctua- 
tions of velocity and temperature. In an appendix, R. H. 
Kraichnan points out an error in the approximate equation 
used in the calculations for sound waves. The third part 
deals with the modification of waves travelling through the 
random fluctuations in the atmosphere, first using the 
approximation of geometrical optics and then diffraction 
theory for the more common situations in which diffraction 
is not negligible. Intensity fluctuations of star images, of 
light and sound beams and phase fluctuations of sound 
beams are considered. The last section presents a consider- 
able quantity of experimental measurements, both of the 
temperature fluctuations in the atmosphere and of the effects 
of these fluctuations on waves, comparing the observations 
with the preceding theory. 

The outstanding feature is the comparable degree of 
attention paid to the two aspects of the problem, the nature 
of the turbulent fluctuations and the effect of them on the 
wave propagation, and, in spite of the number of equations 
written out, the relation of the theory to practical problems 
is emphasized continually. For this balanced approach and 
for the inclusion between two covers of a comprehensive 
account of the subject, it can be recommended to anyone 
interested in the propagation problem and it is also interesting 
to those interested in the turbulence problem. In particular, 
the comparison of experimental measurements with the 
theoretical predictions is a considerable addition to the 
evidence favouring the validity of the Kolmogoroff theory of 
local isotropy, evidence which is not as convincing as is 
sometimes believed. A. A. TOWNSEND 


Einfiihrung in die Theorie der Abtastsysteme. By J. 
TsSCHAUNER. (Munich: Oldenbourg, 1960.) Pp. 185. 
Price DM 32. 


This is a book on the theory of Sampled Data Systems, a 
subject of great engineering interest. It has found several 
able expositors in the English language, such as Martin L. 
Shooman in Mishkin-Braun Adaptive Control Systems. 
Nevertheless, were it not for the language one could expect 
Tschauner’s book to become very popular because it is an 
exemplary clear and lucid exposition of the whole subject 
starting from first principles, with all the mathematical tools, 
and leading up to problems of considerable complication. 
It would be desirable for a British publisher to arrange for 
an English translation. D. GABOR 


Vacuum physics 


Vacuum technology transactions. Proceedings of the Sixth 
National Symposium. Edited by C. R. MEIssNerR. 
(Oxford, London, New York, Paris: Pergamon Press, 
1960.) Pp. xvi + 335. Price £6. 


The annual conference of the American Vacuum Society 
which started in 1954 has now become a well established 
event. The contributions to the early conferences were of 
varying standard, but each year has seen the general quality 
of the papers rise until now a British vacuum physicist or 
engineer must regard with envy the advantages his American 
counterpart has for scientific interchange of information. 
Over 900 people attended the 1959 symposium to hear 
58 papers. Your reviewer attended this year’s conference 
where the papers had risen to some 70 and the attendance 
to over 1000, of which about 70 came from Europe. In 
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spite of the large attendance the conference proceeded 
smoothly and was admirably organized. 

The transactions under review are divided into seven 
sections and from these one can see the new trends in vacuum 
engineering and physics. Thus apart from the continued 
attention given to vacuum pumps, instruments, thin films, 
etc., there are sections on gas analysis, ultra high vacuum 
systems, ionic pumping and electron bombardment sources 
of novel design for melting and evaporating metals. One 
can observe the application of vacuum physics to space 
research with the development of large high vacuum systems 
for component evaluation. 

Some of the papers which were of particular interest to 
the reviewer are briefly mentioned here. Dayton has 
developed relations between pumping speed requirements 
and the degassing rates of materials in a serious attempt to 
place system calculation on a firmer basis than the rough 
estimation at present in use. Much work has been done 
recently in determining the degassing rates of materials used 
in vacuum engineering, but there is need to extend the 
investigations and unify the methods of presenting data. 
The paper by Klopfer and his co-workers on the nature and 
reactions of residual gases in sealed off vacuum systems 
should be of particular interest to those concerned with 
sealed electronic apparatus. Work is described at the 
National Bureau of Standards on rendering gas beams 
visible using electron scattering in a similar manner to the 
Schlieren optical method. This latter technique should be a 
valuable aid to anyone concerned with the emission of gas 
beams into vacuum. It would be useful (particularly for the 
reviewer!) if all of the papers in future transactions had 
abstracts. 

A limited number of the contributions in the transactions 
have appeared in the journals and whilst it is often difficult 
when reporting at conferences not to re-use work which has 
been previously published, the reviewer considers dual 
publication of identical material is undesirable. However, 
the contributors are not entirely to blame for this develop- 
ment. Publication of the transactions has usually been a 
year after the conference and understandably a contributor 
does not like to see the results of his work laying dormant, 
whilst other people have had the advantages of its public 
disclosure. The reviewer knows that the American Vacuum 
Society are taking every precaution to ensure early publication 
of the current conference and we can only wish them through 
their editor, C. R. Meissner, every success in their valuable 
work. L. HoLLAND 


Molecular distillation. By G. Burrows. (Oxford: Clarendon 
Press, 1960.) Pp. viii + 214. Price 35s. 


Some years ago the reviewer advanced the view that there 
was need for works on specific topics in high vacuum physics 
and engineering in place of the continuous stream of books 
which treated the subject generally. In recent years the 
situation has improved and Molecular Distillation is a 
welcome addition to a growing range of texts by specialists. 
Mr. Burrows has been concerned for some years with the 
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distillation of materials in vacuum and was associated with 
Dr. C. R. Burch in his early investigations on the oil diffusion 
pump and low vapour pressure fluids. 

The subject matter of the book covers the theory of dis- 
tillation in vacuum, the design of molecular stills and 
degassing apparatus, and the uses of the process. 

The initial discussion on the evaporation process is 
interesting and Mr. Burrows directs new attention to the 
problem of calculating evaporation and condensation rates 
for systems where the mean free path of vapour molecules 


in the emitted vapour is dependent on their direction of 


propagation. This section is undoubtedly worth-while read- 
ing for all those concerned with evaporation processes at 
low gas pressure and who have come to accept the simple 
interpretation of most physics texts. 

As is usual practice in a work on distillation Raoult’s law 
is used for finding the partial vapour pressures of the com- 
ponents of a mixture. However, here, as with other systems 
such as metal alloys, one finds that the law is limited in its 
application because the departure from the ideal system is 
rarely known factually in terms of the activity coefficients. 
The reviewer has been concerned with the evaporation of 
inorganic materials in vacuum and cannot speak dog- 
matically about molecular distillation but he believes that 
this book should be a stimulant to the establishment of more 
experimentally determined data relating to real systems. 

The discussion on rate of evaporation and its relationship 
to vapour pressure on pages 11 and 12 could be improved. 
It is stated that the number of molecules escaping from a 
liquid in vacuum is the same as the number arriving at the 
liquid when it is in equilibrium with its vapour, but the 
discussion might have been amplified to explain that in the 
presence of surface contamination the number of molecules 
evaporating are equal to the number which condense on 
striking the liquid. Hickman has shown that non-volatile 
contaminants on static surfaces can have a great effect on 
evaporation rates. Thus the author might have introduced 
an evaporation (or condensation) coefficient in the formula 
relating vapour pressure to evaporation rate. 

There are one or two trivial criticisms about the treatment 
of high vacuum apparatus. Thus the diagrams for trapped 
‘O’ ring seals show rectangular grooves whereas in practice 
it is often preferable to use re-entrant grooves for holding 
the gaskets in position. In the discussion on diffusion pumps 
the performance is given of a range of commercial pumps 
with backing pressures of about 0:2mm Hg. This is mis- 
leading since diffusion pumps have been available for many 
years with built-in ejector stages which give backing pressures 
of 0:5 mm Hg. Vacuum systems used for pumping volatiles 
invariably require a high backing pressure so that the rotary 
pump can be fully gas-ballasted. Similarly a reference to 
the self-purifying system used on some diffusion pumps for 
removing contaminants from the boiler would have been as 
useful as the treatment given to fractionating type pumps. 

Most of the foregoing objections are not of fundamental 
importance because a student can always consult a general 
work for information on vacuum components but he will 
require Mr. Burrows’ book for a good introduction to 
molecular distillation. L. HOLLAND 
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Abstract 


The use of radioactive isotopes in the measurement of the 
transfer of metal from one electrode of an electrical 
contact to the other is described and details of the experi- 
mental procedure are given. The relation between matter 
transfer and circuit inductance at very low values of the 
inductance has been determined for platinum and palladium 
contacts operating at potential differences of the order of 
one volt. It is shown that for these metals there is no 
range of inductance down te 10-8H over which 
the transfer is independent of inductance. The amount 
of transfer in relation to the volume of the molten metal 
bridge between the electrodes is considered, and the 
significance of the results in the light of theories of the 
phenomenon of transfer 1s discussed. 


1. Introduction 


three main groups. First, there are the heavy duty 
contacts of power engineering; these may carry very 
large currents and the potentials may be thousands of volts; 
secondly, the light duty contacts widely used in telecom- 
munication systems carry currents of a few amperes at 
potentials of the order of a volt; in the third group are 


Ree contacts may be conveniently classified into 


| electrostatic contacts in which potentials and currents are 


extremely small. It is with contacts of the second group 
that this communication is concerned. Such contacts even- 
tually fail to operate owing to the transfer of metal from one 
electrode to the other, leading to the appearance of a crater 
in the one and excess metal on the other, which interfere 
mechanically with the operation of the contact. 

Metal transfer in electrical contacts has been the subject 
of much investigation for many years; an account and 
assessment of this work has been given in previous publica- 


tions (Llewellyn Jones 1953, 1957) in which the significance 


of experimental data on transfer, in relation to the theory 
of the transfer mechanism, has been discussed. Quantitative 
data on transfer can provide important evidence concerning 
the role played by the microscopic molten metal bridge 
found at the separating electrodes of a contact. For example, 


| it is well known that, in a symmetrically formed molten metal 


bridge established between monometallic contact surfaces, 
temperature asymmetry can be set up by the Thomson effect, 
the section of highest temperature being displaced from the 
position of geometrical symmetry. If the bridge breaks at 


the region of highest temperature, then effective transfer of 


matter must result, and the amount transferred can in prin- 
ciple be computed from the geometry of the bridge. In 
general, the temperature displacement in a bridge is small, 
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because of the smallness of the Thomson coefficient, so that 
the volume of metal transferred should, on this view, be a 
small fraction of the total volume of the bridge. The 
measurement of the actual volume of metal transferred 
compared with the total volume of the contact bridge is 
therefore of considerable physical significance in the 
elucidation of the mechanism of transfer. 

The measurement of metal transfer presents some difficulty 
owing to the very small amount of metal transferred in a 
single operation of the contact. Weighing the electrodes to 
determine the transfer requires something like 10° operations 
of the contact before any useful estimation can be made. 
The gravimetric method has also the disadvantage of deter- 
mining only the net transfer, because it is insensitive to the 
details of the exchange of metal between the two electrodes. 
Methods involving optical estimation at high magnification 
are subject to the same disadvantages. Many measurements 
of transfer have been made without full realization of the 
important role played by circuit inductance and the signi- 
ficance of these measurements must therefore be assessed 
with some care. 

It has been pointed out previously (Llewellyn Jones 1953) 
that the physical conditions, at the electrode surfaces, and 
in the gas between them, immediately after the microscopic 
molten metal bridge has exploded, are highly conducive to 
the establishment of an arc discharge provided sufficient 
voltage is available. It is for this reason that the value of 
the local inductance is of great physical significance, and the 
fact that inductances very much less than a microhenry can 
in ordinary circuits set up potential differences of about 10 v 
or so, which are adequate to produce an arc, is of considerable 
importance—an importance which was not fully appreciated 
in the earlier work on measurements of metal transfer. 
Consequently, in any investigation of the metal transfer 
between contact electrodes immediately after the breaking 
of the bridge it is essential that the local inductance should 
be controlled and measured down to values less than 10-7 H 
and preferably less than 10-8. The static circuit voltage 
may be low—too low to initiate or maintain an arc—but the 
actual transient contact voltage on breaking the contact can 
be much higher on account of the local self inductance. 

The object of the present paper is to describe a quantitative 
study of the transfer of metal from one electrode of an elec- 
trical contact to the other under closely controlled conditions 
of circuit inductance, by a method which is a considerable 
improvement on optical and gravimetric methods. One 
electrode is subjected to neutron bombardment and the 
migration of a radioactive isotope from that electrode to the 
other is measured. 

By this means it is possible to obtain the relation between 
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transfer and inductance over a range of inductance extending 
down to 10-8. Care has been taken to confine the investi- 
gation to that of phenomena occurring at the breaking of a 
contact, these being separated from the less pronounced 
effects which are possible at the making of the contact. 


2. Experimental method and procedure 


2.1. Method 


The principle of the method is to use an electrical contact 
having one radioactive electrode, and to measure the radio- 
activity of the other after the contact has been made to 
perform a known number of breaking operations. One of 
the electrodes of the experimental contact was therefore sent 
to be irradiated with neutrons in a nuclear reactor at the 
Atomic Energy Research Establishment at Harwell. In this 
way about one in 10° of the atoms of the irradiated material 
was converted into a radioactive isotope. The subsequent 
disintegration of this isotope resulted in the emission of f 
and y rays. The irradiated electrode was then replaced in 
the contact system and the amount of metal transferred to 
the inactive electrode in a number of operations determined. 
The amount of metal migrating in the opposite direction was 
determined by reversing the polarity of the electrodes. The 
sensitivity of the method is such as to reduce the number of 
operations required for a reliable determination by a factor 
of about 500 as compared with methods involving weighing 
or optical estimation. 


2.2. Apparatus 


The simple circuit arrangement illustrated in Fig. 1 was 
designed to ensure that the metal transfer actually measured 
was that due to the breaking and not to the making of the 
circuit. Some such arrangement is essential because of the 
tendency of the electrodes to touch several times during the 
complete ‘making’ operation, rebounding slightly between 
each closure. 


distributor 


The contact circuit. 


Fig. 1. 


B represents the experimental contact under investigation, 
M a separate relay contact, both operated by relay coils 
connected to a distributor unit having a rotating shaft with 
spring loaded contacts bearing on it. The distributor con- 
tacts are arranged so that coils are energized so as to perform 
the sequence: make B, make M, break B, break M, any 
desired number of times, the number of sequences being 
counted by a revolution counter. E is the low voltage battery 
supplying currents up to 35 a and C a 4 uF condenser con- 
nected across the contact. The inductance of the circuit 
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was varied for the purpose of the experiments by plugging 
in coils S of inductance ranging from 6 x 10~-8H to, 
6 < 10-5H in series with M. The coils were specially con- 
structed of thick copper wire. Inductance was measured by 
means of a Marconi Q-meter having an oscillator of fre- 
quency range from 50 kc/s to 50 Mc/s. The residual self- 
inductance of the contact was 10-8 u. The electrodes of the 
contact M consisted of high purity metal disks 4 in. in dia-_ 
meter and +; in. thick, butt soldered on to 4in. lengths of | 
3; in. diameter copper rod. The speed of separation of the) 
electrodes was between 0-5 cm/s and | cm/s. 

To avoid danger from the small amount of radioactive 
vapour produced during the operation of the experimental 
contact, the contact was fitted into a steel chamber having 
an extractor fan and filter. The experimenter was protected | 
at all times from radiation by adequate shielding. 


2.3. Detection and counting equipment 


The determination of transfer of radioactive material from) 
one contact electrode to the other was made by means of a 
conventional Geiger—Miiller counting system. This consisted | 
of the Geiger—Miiller counter itself, a stabilized power unit 
supplying the high voltage needed to operate the counter, an 
amplifier to amplify the pulses produced by the counter and 
a scaler which registered the pulses received. The choice of 
counting tube depended upon the radiation being measured, 
and the tube used in these experiments was of the type 2B7, | 
manufactured by the General Electric Company, and having > 
a thin aluminium window 7 mg/cm? in weight and 7 cm in 
diameter. The power unit, amplifier and scalar were made 
by Dynatron Radio Ltd. The unit was capable of supplying 
potentials up to 4kv, maintaining a 0:5% stability for 
variation of input between 205 and 245 v. 

To avoid counting spurious pulses due to the release of 
secondary electrons from the cathode of the counter after 
each discharge, the scaling unit could be rendered inoperative 
for a predetermined period of between 1 ws and 100 ms 
after each operating pulse. For the G—M tubes which were 
used in these experiments this paralysis time was set at 200 ps. 
The maximum speed of counting was 500 counts per second. 

The arrangement of the radioactive electrode under investi- 
gation in relation to the counting tube was such as to satisfy 
three requirements. The electrode had to be mounted in 
exactly the same position with respect to the tube each time 
acount was made. The background count had to be reduced 
to a minimum, particularly when dealing with weakly radio- 
active substances, and scattering within the apparatus had 
to be kept as low as possible. The scheme adopted is illus- 
trated in Fig. 2. The cathode flange of the G—M tube was | 
securely clamped in a circular aperture cut in the top side 
of a Perspex box. Perspex (4 in. thick) was used because its 
scattering factor is very low. An in. thick brass plate with 
a | in. orifice at its centre was mounted 0:5 cm beneath the 
tube window, the orifice being concentric with the anode 
wire of the tube. This defining orifice ensured that the rays — 
entered the most sensitive part of the tube. 

The electrode E was placed on a Perspex sample carrier S 
consisting of a platform whose vertical position could be > 
adjusted by rotating the rod R which was threaded and 
screwed through the thick aluminium plate A. The position | 
of the electrode was adjusted to a fixed height measured by | 
a travelling microscope. The Perspex box P containing the 
arrangement was surrounded by a lead box with + in. thick 
sides. This reduced the background count from about 120. 
to 50 counts per minute. 
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2.4. Corrections to be applied to experimentally determined 
counts 


In measurements of radioactivity by means of counters, 


comparison of observed counts is meaningless unless the 
various factors affecting the magnitude of a count are taken 


T Geiger-Miller tube E Electrode 
H Electrode holder 


L Lead shielding 


0 Defining orifice 
S Horizontal platform P Perspex lining 


R Threaded rod A Aluminium plate 


Fig. 2. Geometrical arrangement of counting system. 


into consideration. These are: (i) the paralysis time of the 
counting equipment, (ii) the time decay of the radioactive 
material, (ili) absorption in the air and in the window of the 
counter, (iv) the geometry of the counting system, (Vv) scatter- 
ing from neighbouring objects into the tube, (vi) scattering 
from the non-radioactive part of the object under investi- 
gation, and (vii) absorption in the source itself. 

In the method used in these experiments correction factors 
resulting from (iii), (iv), (v) and (vi) were the same for all 
deposits. Since no absolute determination of the radio- 
activity was required, these corrections were not applied. 
Corrections for (i), (ii) and (vii), however, are relevant. Cor- 
rection (i) to account for paralysis time is simple. If the 
paralysis time is m seconds, and a count of n pulses per minute 
is observed, then the corrected count is N = n/(1 — mn/60). 
This correction was applied to all observations. 

To correct for (ii), the decay of activity of the radioactive 
material with time, the following procedure was adopted. 
Several contact electrodes of the same metal and of identical 
size were prepared. Calling them a, b, c, d,..., electrode a 
was sent to Harwell to be irradiated. This electrode was 
then used to deposit a layer of radioactive material on b, 
by using a and b as a pair in a contact for a suitable number 
of operations; b was then kept as a standard, its count being 
taken at regular intervals and recorded as a function of time. 


Electrodes c, d, . . ., were the ones used with a in the experi- 
mental investigation of transfer. By comparing the count of 
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a deposit obtained on, say, c, from a in a transfer experiment, 
with the count of the standard b at that time it was possible 
to determine the count the deposit would have given at any 
other time. In this way all counts were corrected to a standard 
time so that the corresponding amounts of material were 
immediately comparable. 

To correct an observed count for absorption in a specimen 
of thickness tf, the observed count was multiplied by the factor 
pti —e~“'), yw being the linear absorption coefficient of 
the material of the specimen (see, for example, Taylor 1951). 
In the experiments described here this factor was nearly 
unity, so that it was sufficient to estimate ¢ crudely from the 
observed count and the observed diameter of the approxi- 
mately circular deposit. Since ;4 depends on the density of 
the absorbing material, it was determined for aluminium by 
using successive layers of aluminium foil to determine the 
total thickness of foil required to reduce a given count to 
half its value. j for the bulk electrode material was estimated 
by multiplying by the ratio of densities. It was then assumed 
that the density and therefore absorption coefficient of the 
radioactive deposit was the same as that of the bulk material. 
The magnitude of this correction for absorption in the specimen 
was from 2% to 5%. 


2.5. Determination of the volume of a radioactive deposit 


The volume of radioactive material deposited on a contact 
electrode in a transfer experiment was determined by com- 
paring its count with the count of a small piece of comparator 
foil. This foil was of the same material as the electrodes 
and was irradiated in the nuclear reactor under the same 
conditions as the radioactive electrode, so that its specific 
activity at any time was identical with that of the electrode. 
The volume of the foil was accurately measured by means 
of a microscope and its count observed over a known period. 
In order to make the conditions identical with those for 
ordinary deposits, the count was taken with the foil placed 
on top of an electrode. This ensured that the back-scatter 
conditions were the same as those in the transfer measure- 
ments. After correcting for self-absorption in the com- 
parator foil the count per unit volume was calculated. This 
was then used to estimate the volume of any radioactive 
deposit. 


3. Results of transfer experiments with platinum and 
palladium 


3.1. Experimental Procedures 


3.1.1. Isotopes 

The production of radioactive platinum involves the 
conversion of !9°Pt to !97Pt, the other isotopes produced in 
the reaction being !9?Pt, 199Pt and !9?Au. The isotope !9’Pt 
has a half-life of 18 hours. Experiments depending upon the 
activity of 197Pt would be difficult because of its short half- 
life. The isotope !99Pt, however, decays rapidly, with a 
half-life of 1 hour, to form !9?Au of high activity and a 
half-life of 3-4 days. '93Pt has a half-life of 4-33 days. Ina 
set of experiments requiring about ten days to complete, the 
isotopes of interest were '9?Au and !93Pt. 

Palladium subjected to neutron bombardment forms two 
radioactive isotopes, namely !°°Pd and !!!Ag. The nuclear 
reactions giving rise to these isotopes are 


(i) 1°8pd +n = Pd + y 


and (i) !°Pd +n =!"'Pd + y 
llipg — 11lAg aie B. 
BRITISH JOURNAL OF APPLIED PHYSICS 


MEASUREMENT OF METAL TRANSFER IN ELECTRICAL 


The isotope !!!Pd which is formed in the production of !'!Ag 
has a half-life of 22 minutes and does not survive for long 
after the palladium is removed from the source of neutrons. 
109Pd has a half-life of 13-6 hours and !!'Ag a half-life of 
7-5 days. The experiments using the activated palladium 
were begun two days after its removal from the atomic pile. 
After this time there was little of the !°’Pd left, so that the 
activity of the palladium during the following fortnight in 
the course of which the experiments were being performed, 
was due to '!!!Ag. The proportion of palladium transformed 
to silver is exceedingly small (1 in 10°) so that it does not 
affect the character of the palladium. 


3.1.2. Experimental results 

The results of measurement of transfer of platinum as a 
function of the self-inductance L, at a current of 15 A and an 
open circuit voltage of 4v are illustrated in the graphs of 
Fig. 3. Preliminary results have already been briefly reported 
(Llewellyn Jones 1957). The first graph shows the migration 
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Fig. 3. Transfer in a platinum contact (current = 15 A). 


of anode metal to the cathode in a contact consisting of a 
radioactive anode and a non-radioactive cathode. The 
graph thus shows the variation of cathode gain with induc- 
tance. The second graph shows the migration of cathode 
metal to the anode, the cathode in this case being radio- 
active and the anode not. The third graph is obtained by 
taking the difference between corresponding ordinates in 
the first and second, and thus represents the net transfer to 
the cathode over a range of values of the inductance. Each 
of the curves (a) and (b) is almost a mirror image of the 
other. By adding corresponding ordinates a measure of the 
amount of metal which is not on its original electrode is 
obtained. From an inductance of 1 x 107-8 uHto2 x 10-°H 
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this appeared to be constant to within +10%, indicating 
that the total amount of metal involved in the transfer process 
remained constant. The volume of the cathode deposit 


formed by 1000 operations was estimated to be 5 x 10-7 cm? | 


for L = 6 x 10-8 and a current of 15 A, giving a value of 
5 x 10~!9 cm? per operation. 


The corresponding results for palladium are shown in | 


Fig. 4. 
10 "cm? 
per operation 
7 
6 
= 5 (a) 
a4 
a) 
OZ 
| 
% 2 3 4 pH 
5 
aoa (b) 
a5 
eB 2 
< | 
0% | 2 5) 4 pH 
7 
6 
os 4 
25 
ae 
aa 
C | 2 Bi 4 pH 
Inductance 


Fig. 4. Variation of transfer with inductance for palladium 
(current = 15 A). 


3.2. The relation between volume of metal removed from both 
electrodes and volume of the molten metal bridge 


The effect of a single operation of a platinum contact is to 
produce on each electrode a smooth circular crater; sur- 
rounding each crater there is a ring of projecting metal. 
The appearance of the craters is such as to suggest that the 
molten metal is blown out of them and deposited on both 
electrodes. Photographs illustrating this effect have been 
published previously (Llewellyn Jones 1957, Llewellyn Jones 
and Jones 1957). Let it be assumed at this stage that the total 
picture is consistent with the view that the surfaces of the 
craters are the isothermal surfaces separating the molten 
metal of the bridge from the solid electrodes. The shape of 
each crater is approximately that of part of a hemispherical 
cup. The total volume of the molten metal bridge is then 
equal to that of the two craters from which the metal between 
the two isothermal surfaces must have come. 

The sum of the volumes of the anode and cathode craters 
after a single contact operation at a current of 154A was 
estimated by the optical measurement of the erosion patterns 
at high magnification to be 8 x 107! cm3, It is important 
to compare this estimate of the volume of the molten metal 
bridge with the sum of the volume of metal removed from 
anode to cathode and that removed from cathode to anode 
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as determined by the radioactive isotope technique, at the 
same current and over the range of inductance for which it is 
constant (ie. 1 x 10-8 to 2 x 10-°H). The volume 
moved from anode to cathode in one operation at an induc- 
tance of 6 x 10-8 H was 5 x 10~!%cm3 per operation and 
the volume moved from cathode to anode 0-5 « 10~!9 cm3, 
the total being 5-5 x 10~-!®cm3; the net transfer to the 
cathode was thus 4-5 x 10-!®cm3. In platinum under 
these conditions, therefore, most (in this particular case, 
three-quarters) of the metal of the bridge was moved in either 
direction across the gap between the electrodes. The net 
transfer to the cathode was about half the volume of the 
bridge. 

Theories of metal transfer based on temperature asymmetry 
in the molten metal bridge between the contact electrodes 
suggest that it should be possible to establish conditions at 
very low inductance which would leave temperature distri- 
bution in the bridge to be the determining factor in the 
transfer process. This means that the volume of metal trans- 
ferred would be independent of the circuit inductance provided 
this inductance were low enough. Warham (1953), for 
example, on the basis of some observations of transfer by 
optical means, concluded that the transfer was independent 
of inductance up to an inductance of 7 x 10~° H in the case 
of platinum. The results of the present investigation using 
the radio-tracer technique show that there is no range of 
_ values of the inductance over which the transfer is inde- 
pendent of the inductance, even down to an inductance of 
10-*®u. This suggests that explanations of transfer depending 
only on temperature asymmetry in the bridge are inadequate. 

The results also show that there is a range of inductance 
(1 x 10-8 to 2 x 107° u for platinum, under the experi- 
mental conditions described above) over which the total 
amount of metal involved in the transfer process is constant. 
This amount of metal approaches that of the whole of the 
molten metal bridge. At higher values of the inductance the 
amount of metal is increased owing to the occurrence of a 
sustained arc discharge. 


4. Conclusions 


The main conclusions which have been reached as a result 
of the measurements of transfer apply equally well to platinum 
and palladium. The radioactive isotope technique demon- 
strates the practically simultaneous transfer of matter to each 
electrode independently. This exchange could not have been 
observed either by optical or gravimetric methods. The 
circuit inductance plays an important part in the direction of 
transfer right down to the lowest values investigated. While 
in the case of platinum the total amount of metal transferred 
from its original electrode was comparable with the total 
volume of the molten metal bridge between the electrodes, 
in the case of palladium, on the other hand, it was only a 
small fraction. The significance of these results must now 
be discussed in relation to the mechanism of metal transfer. 

A process which depends on a small displacement of the 
region of maximum temperature as a result of thermoelectric 
effects in the bridge would cause the transfer of only a small 


proportion of the material of the bridge. The transfer of 
most of the bridge would be difficult to understand on this 
view, and some mechanism other than the thermoelectric 
shift must be considered. In the case of palladium the trans- 
ferred material is only a small fraction of the volume of the 
bridge and this does not preclude the thermoelectric explana- 
tion. But the result, which applies to both metals, that the 
transfer is never independent of the inductance, shows con- 
clusively that the thermoelectric mechanism is not the 
determining factor in the transfer process. In platinum, for 
example, the observations are consistent with the view that 
the molten metal bridge is completely dispersed as liquid 
droplets which are distributed between the electrodes. The 
droplets, at high temperatures, would acquire a positive 
charge due to the emission of electrons and, in the presence 
of the contact field, would be drawn towards the cathode, 
except for the proportion which might be blown on to the 
anode by the explosive breaking of the bridge. The appear- 
ance of a ring of raised metal around the erosion crater 
(Llewellyn Jones and Jones 1957) suggests that the exploded 
matter moves outwards from the axis of the bridge as well 
as from electrode to electrode. A tentative theory based on 
the movement of droplets was in fact proposed by Biihl (1926). 

When, however, one takes into account the fact that the 
net transfer is dependent on the circuit inductance, the force 
on the particles travelling from one electrode to the other 
must depend on the transient field and therefore the potential 
difference across the contact at break. It is difficult to under- 
stand the movement of drops of any size under the conditions 
of rapid oscillation that ensue. It is easier to reconcile the 
phenomena with the view that the exploding bridge gives 
rise to a plasma containing metal vapour at high pressure 
and that movement of matter takes the form of ionic drift 
in the high electric field between the electrodes of the breaking 
contact. 
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Abstract 


Experimental data of the drag exerted by the walls of a 
cylindrical vessel on a sphere falling axially down it 
through a liquid are given for Reynolds numbers, based 
on the diameter of the sphere, between 0:05 and 20000. 
Existing wall-correction formulae are examined in the 
light of the new data, the conclusion being that the Francis 
(1933) and Munroe (1888) equations are the most reliable 
in the laminar- and turbulent-flow regions respectively. 
Graphs show the correction to be applied in the inter- 
mediate-flow region. 


1. Introduction 


ments of the terminal velocities of spheres falling 

axially in cylindrical vessels, under conditions extending 
from purely-laminar to fully-turbulent flow, and to determine 
the correction to be applied for the retarding effect of the 
walls on the falling spheres. Available literature relating to 
the wall effect is both numerous and of high quality (Newton 
1687, Munroe 1888, Ladenburg 1907, Sheppard 1917, 
Faxen 1921, Lunnon 1928, Schmiedel 1928, Barr 1931, 
Francis 1933, Fulmer and Williams 1936, Gurel 1951, Mott 
1951), but most of it is limited to the laminar-flow region. 
No wall corrections appear to exist for the intermediate- 
flow region (Reynolds numbers from 1 to 500) and the few 
published results in the turbulent region (Newton 1687, 
Munroe 1888, Lunnon 1928, Mott 1951), are widely 
scattered. In order to fill this gap, experiments were made 
with 60 spheres (covering a range of diameters and densities), 
four cylinders of different diameters, and fifteen Newtonian 
liquids of various viscosities and densitics. The range of 
flow covered Reynolds numbers from 0-054 to 20000 and 
the results were used to assess the validity of known wall- 
correction formulae. 


T: object of the work was to make reliable measure- 


* Now at Atomic Energy of Canada Ltd., Chalk River, Ontario. 


2. Experimental 


An indirect method of measuring the falling speed of the 
test spheres was employed and a detailed description of the 
apparatus and its accuracy can be found elsewhere (Fidleris 
and Whitmore 1959). 


Essentially it consisted of a copper | 


reservoir, in which the liquid was brought to the required | 


temperature, and a jacketed vertical glass cylinder, in which 
the time of fall of the test spheres over a known distance was 
measured. The temperature of the water in the jackets of 
the copper reservoir and the experimental tube was carefully 
controlled by pumping it through coils immersed in a con- 
stant-temperature bath. When equilibrium was reached the 
temperature of the liquid and the jacketing water could be 
maintained to within +0-05 deg c of the required tempera- 
ture, which for most measurements was chosen to be 20:0° c. 

The detection of the test spheres was based on the measure- 
ment of the change of impedance of coils, wound coaxially 
with the experimental column and spaced (30 + 0-01 cm) 
apart, when a metallic test sphere passed through them. The 
time of fall of the test spheres was obtained from a photo- 
graphic record of the detection signals. By comparison 
against a standard signal, the fall time could be determined 
to within +0-3%. The top detection coils were situated 
40 cm or more below the surface of the liquid to ensure that a 
test particle reached its terminal velocity before entering the 
detection system, which was sensitive enough to record the 
passage of a 0:05cm diameter steel sphere or a 0:10 cm 
diameter sphere made of non-ferromagnetic material. The 
sphere-release mechanisms were designed to ensure that the 
test particles fell axially down the cylinders, which were 
precision-bore glass tubes 100cm in length and 1:50 cm, 
2:00 cm, 2:50cm and 3-00cm in internal diameter. The 
accuracy and constancy of tube diameters was in all cases 
better than +0-1%. 

The test spheres were made of metal or metal-coated 
plastic and, with the exception of four cases, were spherical 
to within a diameter variation of less than +0-15°%. Their 
details, including the reliability of the density determinations, 
are summarized in Table 1. 


Table 1. Test spheres 

eee Diameter of Diameter of 
si ne c pate eos eget ee ut 
1 Jron-coated plastic 1-275 + 0-002 0-495 0-554 
2 Magnesium 1-800 + 0-002 0-256 1-018 
3 Magnesium—aluminium alloy 22510 = 02005 0-256 0-763 
4 Duralumin 2-805 + 0-005 0-256 1-018 
See steel UIP) ae OO 0-0793 2-540 
6 Lead WikoWs) se Os} 0=251 0-374 
7 Tantalum 16:60 +0-04 0-191 0-509 
8 Gold 19-36 +0-02 0-100 1-000 
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Details of the liquids which were used in the experiments 
are given in Table 2. The density of each liquid was deter- 
mined with a pycnometer to within an accuracy of 0:05% 


cover Reynolds numbers (Re) ranging from 0:05 to 20000 
and diameter ratios d/D from 0 to 0:60. It will be seen 
that for any given d/D ratio all experimental results lie along 


Table 2. Test liquids 


No. Liquid minimum 
1 Water 
2 Olive oil 
3 Aqueous solution of glycerol 1-219 
4 Aqueous solution of glycerol and lead 1-186 
nitrate 
5 Aqueous solution of glycerol and n-propyl 1-055 
| alcohol 


and checked before each experiment with a standardized 
hydrometer. Their viscosities were originally determined 
with standard capillary instruments (as described in B.S. 
No. 188: 1937) and checked before each experiment with a 
_Ferranti rotating-cylinder viscometer. The viscosity was 
considered to be the least reliable of all the measurements, 
| possessing an error of +1°%. 


3. Results 


In all, some 3000 velocity determinations were made and 
| the results can be found in detail elsewhere (Fidleris 1958). 
/ A typical example of the variation of the terminal velocity 
_ with the diameter of the test sphere and the cylinder is shown 
/ in Fig. 1, each point representing the average value of three 


08 


06 
eS 
04 
0:2 
025 40 60 80 100. 120 140 
Vv (cm/s) 
Fig. 1. Terminal velocity of steel spheres falling through 


water in tubes of various diameters. 


or more velocity determinations. In order to summarize all 
experimental results, use was made of the logarithmic plot 
of the two non-dimensional quantities: 


Reynolds number, (Re) = dpv/n (1) 
and 
i 4e(s — p)d 
resistance coefficient ~ = selene (2) 
3pv 
where s = density of test sphere, p = density of liquid, 
g =acceleration due to gravity, d = sphere diameter, 


v = terminal velocity, 7 = coefficient of viscosity. 


Fig. 2 contains the experimental results for a number of 
d/D ratios, where D is the diameter of the cylinder. They 
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Viscosity at 20° c (cP) 


maximum minimum maximum 
0-998 1-005 
O2912 1328: 
1-274 116 225 
1-187 128 DY HL 
1-186 40-2 86-4 


a smooth curve which broadly follows the (log ¥, log (Re)) 
curve for spheres falling through infinite fluid as determined 
by other workers (Wieselsberger 1922, Liebster 1927, Lunnon 


Logio $ 


Logyg(Re)” 


Fig. 2. Resistance coefficient-Reynolds number curves for 
spheres falling in cylindrical containers. 


1928, Goldstein 1938, Mo6ller 1938, Davies 1945). The 
scatter of the experimental points is such that 95% are 
within +3% of the mean line. 


4. Discussion of results 


From Fig. 2 it is clear that the retarding effect of the wall 
on a falling sphere diminishes on transition from laminar to 
turbulent flow and decreases with increasing Reynolds 
number to an approximately constant value. Any correction 
to the falling speed of a sphere to allow for wall interference 
must, therefore, be a function of Reynolds number and in 
this paper a graphical method of arriving at the correction is 
suggested. 

The first step is to relate the velocities of a sphere, falling 
through a fluid in cylinders of different diameters, to its 
terminal velocity in an infinite extent of the fluid. The 
Reynolds number may then be expressed as (Re) = c,v and 
the resistance coefficient as ys = c,/v?, where c; and cy are 
constants and depend on the properties of the sphere and the 
liquid used. 

If the results are plotted logarithmically as in Fig. 2, an 
alteration in velocity from v, to v, due to a change in the 
diameter of the containing vessel is represented by a move- 
ment of the original point along a line of slope —2 for a 
distance a, equal to 1/5 log;9(v;/v2) in log-scale units. If the 
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first point corresponds to a sphere falling in infinite medium, 
its velocity is Vv. Ina vessel of diameter D, the velocity is 
reduced by wall interference to a value v and v,,/v = 102/v>, 

Conversely, if the test is made in a vessel of diameter D, 
it is only necessary to draw a line of slope —2 through the 
corresponding point on the (log %, log (Re)) curve to cut the 
curve for infinite medium (subsequently referred to as the 
reference line). The point of intersection represents the fall 
of the sphere in infinite fluid. 

This procedure was applied to the curves plotted in Fig. 2. 
Because the present experimental investigations could not 
be extended to very large vessels, the results obtained by 
Wieselsberger (1922), Liebster (1927), Lunnon (1928), 
Moller (1938) and Davies (1945) were used to plot the 
reference line in Fig. 2. The points used in its construction 
are given in Table 3 and correspond to those quoted by 


Table 3. Co-ordinates of the ‘reference line’ for spheres 
((log %, log (Re)) curve for infinite fluid) 

(Re) y (Re) uv) 
0-01 2400 600 0-525 
0-1 244 1000 0-455 
0-4 63-0 2000 0-394 
1-0 26:2 4000 0-380 
4-0 8-20 7000 0-382 
10 4-27 10000 0-393 
30 2-03 20000 0-430 
60 1-36 40000 0-472 
100 1:05 60 000 0-510 

300 0-660 


Goldstein (1938). Fig. 3 shows the factors v,,/v by which 
readings taken in a cylindrical vessel must be multiplied to 
give the terminal velocity in infinite medium. In Fig. 4 the 
corresponding v/v, factors are shown for converting a sphere 
velocity, as calculated in infinite medium, to its falling 


Log (Re) 


Fig. 3. Correction of fall velocity in a cylindrical vessel to 


that in infinite fluid. 
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velocity in a cylindrical vessel of given d/D ratio. The two) 
corrections coincide in the laminar region and nearly so. 
under full turbulence, but they differ significantly in the} 
intermediate-flow region. This is because the Reynolds} 
number is calculated from the uncorrected velocity and the} 
slope of the log log (Re) curve alters appreciably in the) 
intermediate-flow region. 


5. Comparison with existing wall-correction formulae 


The retarding effect of the walls of a cylindrical vessel on a 
sphere falling axially down it can be expressed in the form) 
of a multiplying factor for correcting the falling velocity in) 
an infinite medium v,, to the velocity v in a vessel possessing 
a particular d/D ratio. 

An inspection of Fig. 2 suggests that the logarithmic) 
(7s, (Re)) curves are straight and parallel at Reynolds numbers 
less than unity, and very nearly so between Reynolds numbers | 
of 1000 and 10000. Thus under fully laminar or fully 
turbulent conditions, wall-effect equations which involve) 
only d/D and not Reynolds number should be possible. 

The former region has been extensively investigated by 
other workers (Ladenburg 1907, Sheppard 1917, Faxen 1921, 
Schmiedel 1928, Barr 1931, Francis 1933, Fulmer and 
Williams 1936, Gurel 1951) and a number of theoretical and 
empirical wall-effect equations have been proposed. Of 
them the three most widely used are those by Ladenburg 
(1907) 


V|Vo = 1/{1 + 2-1(d/D)} (3) | 


which in turn is the first approximation of a theoretical 
equation derived by Faxen (1921), which for low Reynolds 
numbers may be expressed as 


V[V—y = 1-2-104(d/D) + 2:09(d/D)3 — 0:95(d/D)°. (4) 


Both of them have been shown (Barr 1931) to be limited in 

their range of application to small values of d/D, i.e. below 

0-2 in the case of Eqn (4) and below 0-1 in the case of Eqn (3). 
The empirical equation obtained by Francis (1933) 


a, if «1 GD) eee 

Oe 1 — 0-475(d/D) 
was found (Gurel 1951) to be satisfactory for d/D ratios of | 
less than 0-9. 


In Table 4, Eqns (3), (4) and (5) are compared with the 
experimental results of Fig. 4, at a Reynolds number of 0-1. 


(5) 


Table 4. Comparison of wall-correction equations in the 
laminar region of flow | 
(X/V.0) 
Experimental Ladenburg Faxen Francis 
d/D from Fig. 4 from Egn (3) from Eqn (4) from Egn (5) 

0-05 0-894 0-905 0-895 0-898 
0-10 0-788 0-826 0-792 0-797 
0:20 0-610 0-704 0-596 0-611 
0:30 0-446 0-613 0-423 0-444 
0-40 0-300 0-543 0-283 0-301 
0-50 0-180 0-488 0-179 0-185 
0-60 0-094 0-442 0-115 0-098 


It will be seen that the agreement is good in the case of the 
Francis equation and rather poorer using the Faxen equation. 
In the turbulent region, at least five wall-effect equations 
have been proposed, but there is little published experi- | 
mental evidence against which to test them. Newton (see | 
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Table 5. Experimental values of v/v. in the turbulent region of flow 
(Re) = 100 (Re) = 1000 (Re) = 3000 (Re) = 10000 
d/[D from Fig. 3 from Fig. 4 from Fig. 3 from Fig. 4 from Fig. 3 from Fig. 4 from Fig. 3 from Fig. 4 
0-1 ~l1 ~l ~1 ~! ~1 ~1 ~!1 ~1 
0:2 0-956 0-948 0-960 0-954 0-962 0-958 0-962 0-962 
0:3 0-862 0-856 0-868 0-866 0-876 0-874 0-892 0-892 
0:4 0-740 0-720 0-766 0-760 0-782 0-776 0-816 0-800 
(25) 0-590 0-560 0-640 0-632 0-654 0-648 0-700 0-676 
0:6 0-430 0-390 0-506 0-496 0-530 0-518 0-562 0-546 
Table 6. Comparison of wall-correction equations in the turbulent flow region 
(¥/Vo0) 
Experimental at (Re) = 3000 
averages Newton Munroe Lunnon Mott Mott 

d|D from Table 5 from Eqn (6) from Eqn (7) from Eqn (8) from Eqn (9) from Egn (10) 

Ont — 0-987 0-968 0-977 0-982 — 

Ome 0-960 0-950 0-911 0-954 0-933 — 

0:3 0-875 0-889 0-836 0-931 0-860 — 

0-4 0-779 0-806 0-747 0-908 0-776 —_ 

OsS 0-651 0-702 0-646 —- 0-690 0-500 

0-6 0-524 0-543 0-535 _— 0-607 0-325 


| Barr 1931) made some calculations of the wall-effects of large 
| spheres and obtained the correction term 


y _ (D- @)/{D? — @/2} 6) 
Oye D3 : 
Munroe (1888) suggested the approximate formula 
U[V_ = 1 — (d/D)3? (7) 
ne) 
d/D=0-05 
O8L.—01 Sa = 
0:2 
0:6 
a 
“ 03 
0-4 = 
0:4 
pe 7 
0 =| l 3 
Log (Re) 


Fig. 4. Correction of fall velocity in infinite fluid to that in a 
cylindrical vessel. 


which he based on measurements of the fall of lead shot in 
water. He found the wall-effect to be negligible for values 
of d/D less than 0-1. Lunnon (1928) obtained a series of 
results with steel spheres falling through air and water in 
four different tubes, and suggested a relationship 


V[V—q = 1 — 0-23(d/D) 
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which he assumed to hold up to a d/D ratio of 0:3. He did 
not attempt to derive a correction for higher values of d/D. 
Mott (1951) used Lunnon’s results to give two more formulae. 
For values of d/D from 0-2 to 0-5 he obtained the equation 


i 1 9 
eee DY (9) 


where A is a constant varying from 1-8 to 3-2, and for 
values of d/D from 0-5 to 0-7 the equation 


v 1 

Vo 1+ (2d/D)* ae 
Mott considered the wall-effects to be negligible below a d/D 
ratio of 0-15. 

In Table 5 the experimental values of v/v,., as obtained 
from Figs 3 and 4, are given for a range of Reynolds 
numbers and in Table 6 Eqns (6) to (10) inclusive are com- 
pared with the averaged results taken from Figs 3 and 4 at 
a Reynolds number of 3000. There is no close correspondence 
between any of the equations, although nearly all of them 
come in places to within 2% of the experimental results. 
Thus the agreement with Newton’s equation (Eqn 6) is 
within 2° up to a d/D ratio of 0:3, but worsens considerably 
at higher ratios. The degree of correspondence of any given 
equation varies to some extent with Reynolds number, 
although not always in the same way. Munroe’s correction 
(Eqn 7) shows best agreement with experimental results 
between Reynolds numbers of 1000 and 3000, whereas 
Newton’s (Eqn 6) is most reliable at Reynolds numbers near 
19000. The least satisfactory formula is that of Lunnon 
(Eqn 8). 


6. Conclusions 


The experimental results show that it is difficult to derive 
a single relationship to account for the change in the inter- 
ference effect of the vessel walls on a falling sphere, which 
occurs with increasing Reynolds number. A correction can, 
however, be made graphically without difficulty. 

It can be concluded that the retarding effect of the wall 
decreases with increasing Reynolds number, so that for 
ratios of d/D of 0-05 and 0-10, the wall correction becomes 
less than 1°% for Reynolds numbers exceeding 5 and 30 
respectively. 
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In the laminar-flow region (that is for Reynolds numbers Davzes, C., 1945, Proc. Phys. Soc., 57, 259. 
not exceeding approximately 0-2) the Francis equation is FAxEN, H., 1921, Dissertation (University of Uppsala). | 


a é arene eee ae ae Maes i: o oes ey oa Frpceris, V., 1958, Ph.D. Thesis (University of | 
fore appear that in determinations of viscosity from obser- FIDLERIS, V., and WHITMORE, R. L., 1959, J. Sci. Instrum., 36, 
vations of the velocity of a sphere falling axially down a 32: 

cylinder containing the fluid, corrections for the retarding francis, A. W., 1933, Physics, 4, 403. 


; : 
effect of the wall should be found from the Francis equation. Futer, E. L, and Wiiams, J. C., 1936, J. Phys. Chem., 404 
In the turbulent region the usefulness of available equations 143 


is limited, but Munroe’s is most satisfactory at Reynolds ; : : 
numbers between 1000 and 3000, where an error of +24°% GOLDSTEIN, S., 1938, Modern Developments in Fluid Dynamics} 
may be expected for d/D ratios of less than 0:6. Newton’s (Oxford: Clarendon Press), p. 493. 
equation increases in reliability when the highest Reynolds Guret, S., 1951, Ph.D. Thesis (University of Birmingham). 
numbers reached in the experiments, which were about LADENBURG, R., 1907, Ann. Phys., Paris, 22, 287; 23, 447. | 
10000, are approached. In this region the error is only 

Liesster, H., 1927, Ann. Phys., Lpz., 82, 541. { 


a Le 
In the intermediate region Fig. 3 can be used to transpose LuNNoN, R. G., 1928, Proc. Roy. Soc. A, 118, 680. 


velocities measured in a cylindrical vessel to the corre- MOLLER, W., 1938, Phys. Z., 39, 57 
>’ 2) -,) ! “3. rd * 


sponding velocity of fall of a sphere in infinite fluid, the ; 
Reynolds number being calculated from the uncorrected fall Mott, R. A., 1951, Some Aspects of Fluid Flow (London: ) 
E. Arnold and Co.), p. 242. | 


velocity in each case. 
Munroe, H. S., 1888, Trans Amer. Inst. Min. Engrs, 17, | 
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Epitaxy and twinning in foils of some noble metals 
condensed upon lithium fluoride and mica 


Harwell, Didcot, Berkshire 


Abstract 


Foils up to 2-5 x 10-3 cm in thickness, of Cu, Ag, Pd 
and Au, have been evaporated on to LiF and mica crystals, 
epitaxial growth was observed within fixed temperature 
ranges for each substrate-metal combination. X-ray 
| diffraction of the foils produced sharp patterns of spots 
| which indicated a principal orientation of crystallites in 
direct alignment with the substrate crystal, together with 
twins whose presence was confirmed by metallography. 
The observations are discussed in terms of a nucleation 
and growth model. 


1. Introduction 


denses on a crystalline substrate within a limited tem- 

perature range, a film of metal forms with crystallite 

_ orientations closely related to the substrate crystal (for a 

_ review see Pashley 1956). This phenomenon is known as 
epitaxy. In most publications the film thickness has been in 
the range 10 to 1000A. A recent series of experiments 
(Thompson and Nelson 1960), in which sputtering from 
noble metals was studied, required single crystals in the form 
of thin foils about 10~3 cm thick. It was found possible to 
use polycrystalline foils containing a small number of well- 
defined crystallite orientations, and the account which follows 

_ describes and discusses their preparation by epitaxial growth 
on mica and lithium fluoride crystals. 


I: has often been shown that when a metal vapour con- 


2. Apparatus 


A copper furnace-block wound with nichrome tape (Fig. 1) 
was used to heat the substrate crystal in a vacuum into the 
temperature range where epitaxy occurs. The temperature 
was measured by an iron-constantan thermocouple. The 
substrate crystal was clamped by a washer to the underside 
of the furnace-block which was supported on a shaft passing 
through a Wilson seal in the wall of the vacuum vessel. This 
enabled the substrate to be moved over the vapour source 
whilst under vacuum. Some 200mg of the metal to be 
evaporated was placed in an alumina crucible of 28 mm? 
capacity. The crucible was heated by a tantalum filament 
passing some 30 A, whose construction is shown in Fig. l(a). 
A hole through the centre of the furnace-block enabled the 
substrate to be optically aligned with the crucible at the 
start of evaporation. A copper shield over the filament 
prevented contamination of the substrate by filament 
material and reduced the amount of heat radiated to the 


furnace-block. 
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Fig. 1. Vertical section through the evaporation apparatus 


and furnace-block. 
(a) Detail showing the construction of the filament used to heat 
the crucible. 


1, Iron-constantan thermocouple; 2, rotating shaft; 3, copper 

furnace, slotted vertically, for heater windings; 4, substrate; 

5, radiation and filament contamination shield; 6, alumina 

crucible and molten metal charge; 7, insulators 8, tantalum 
filament. 


3. Method of growth 


The required substrate was clamped to the furnace-block, 
dust particles removed from its surface by a compressed air 
blast, and the system evacuated to below 10-4mm Hg. The 
temperature was raised to a value depending on the substrate— 
metal combination, with the substrate not directly over the 
crucible. The metal charge in the crucible was then melted 
and allowed to outgas for a few seconds. The shaft through 
the Wilson seal was rotated to bring the substrate directly 
over the crucible and the evaporation rate adjusted so that 
an opaque film formed in a few seconds. When the metal 
charge had evaporated, after about 10 minutes, the filament 
and furnace-block heaters were switched off and when the 
temperature had fallen to 400° c a pressure of 1 mm Hg of 
helium was admitted to accelerate cooling. 

After cooling, the foil was removed from the substrate by 
soaking in distilled water. In difficult cases nitric acid (or 
aqua regia for gold) was used instead of water. The foils 
produced in this apparatus were circular with an area of 


BRITISH JOURNAL OF APPLIED PHYSICS 


EPITAXY AND TWINNING IN FOILS OF SOME NOBLE METALS CONDENSED UPON LITHIUM FLUORIDE AND MICA 


0-6cm2 and _ thicknesses between 2:5 x 10-4 and 


DoS $2 MO 2 ear. 


4. Substrate preparation 


Three types of substrate were used: the {0001} cleavage 
plane of hexagonal muscovite mica, the {100} cleavage plane 
and {110}, {111} and {112} planes of cubic lithium fluoride. 
Cleavage of both mica and lithium fluoride was carried out 
with a safety razor blade. In lithium fluoride the last three 
planes were prepared by grinding and polishing in the 
following way. 

A cleaved cube of lithium fluoride of 1 cm side was held 
on a grinding wheel, using 120 mesh carborundum grit with 
water as a lubricant, at such an angle as to produce approxi- 
mately the required plane. When roughly half the cube was 
gone the exact plane was obtained with a ‘Handimet’ grinder 
using a combination square to set the angles relative to the 
cube faces. A fine polish was given to the surface using 
coarse and then fine alumina, finishing with 1 micron diamond 
dust. The crystal was cemented by this polished face to a 
metal block using Canada balsam. It could then be easily 
held whilst the other side was ground and polished parallel 
to the first, a final thickness of 1 to 2 mm being aimed at. 
The crystal was removed from the block by heating, cleaned 
with toluene, etched in 40% hydrofluoric acid and finally 


(b) 


given a chemical polish by agitation in a bath containing, 
2 vol. % ammonia solution. 

The same crystal was used many times, etching and 
chemical polishing being repeated after each evaporation. 


5. Results 
Table 1. Substrate temperatures required to produce epitaxial, 
condensation 
Fig.* Substrate Temp. (° c) Metal 
— LiF {100} cleaved 600-650 Au 
2(a) LiF {100} cleaved 570-620 Ag 
— LiF {100} cleaved 600-650 Cu 
— LiF {100} cleaved 700-750 Pd 
— LiF {110} ground and polished 670-720 Cu 
2(b) LiF {110} ground and polished 670-720 Au 
2(c) LiF {112} ground and polished 750-800 Au 
— LiF {111} ground and polished 670-720 Au 
2(d) Mica {0001} cleaved 270-320 Au 
— Mica {0001} cleaved 270-320 Ag 
— Mica {0001} cleaved 270-320 Cu 
— Mica {0001} cleaved 450-500 Pd 


* Figure showing diffraction pattern. 


In Table 1 a summary is given of the substrate temperature 


(d) 


Fig. 2. Back-reflection Laue diffraction patterns from various foils. Obtained with the x-ray beam incident perpendicular to the foil. 
(a) Ag on LiF {100} at 600° c; (6) Au on LiF {110} at 690° c; (c) Auon LiF {112} at 775° c; (d) Auon mica {0001} at 300° c. 
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| necessary to obtain epitaxy for various metal-substrate com- 
binations. In each case foils had such pronounced orienta- 
_ tions that their x-ray diffraction patterns resembled those of 
a single crystal. In Fig. 2 several such patterns are shown, 
obtained by the Laue back-reflection technique using copper 
radiation incident perpendicular to the foil and a film to 
sample spacing of 3 cm. 

That these foils are not monocrystalline is shown by the 
patterns from Au on mica {0001} which clearly exhibits six- 
fold symmetry, an impossibility for a single cubic crystal 
_ (Fig. 2(d)). The implication is that two principal orientations 
are present in an equal amount, each with their {111} planes 
parallel to the substrate but rotated relative to one another 
_ by 180° about their parallel [111] axes. Since the [111] axis 
is the twinning axis of face-centred cubic metals, these are 
| therefore twin orientations by definition. Diffraction patterns 
with the beam incident along gold [111] axes other than the 
surface normal also showed six-fold symmetry. This indi- 
cates that twins of the two principal orientations were also 
present. The presence of twinned regions was confirmed by 

the photomicrograph of Fig. 4 which shows the surface of a 
gold foil after etching by ion bombardment. 

Foils condensed on LiF {100} show a four-fold symmetry 
about the substrate normal (Fig. 2(a)). When examined 


Fig. 3. Pattern obtained with the beam incident along the 

principal {111} axis. The apparent six-fold symmetry indicates 

the presence of twin orientations in Au on LiF {100} at 625° c 
(lower edge masked by specimen holder). 


Fig. 4. A photomicrograph of a Au on mica {0001} foil after 
etching by ion bombardment. The twin boundaries appear as 
straight lines. 
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along the substrate [111] axis they show a six-fold symmetry, 
indicating once again that twin orientations are present (Fig. 3) 
The foils may be described as containing a principal orienta- 
tion in exact alignment with the substrate crystal with metal 
{100} parallel to LiF {100} and metal [100] parallel to LiF 
[100]. In addition they contain four subsidiary orientations 
which are twins of the principal about its four {111} planes. 

A similar state of affairs exists in foils condensed on 
LiF {110}, where six-fold symmetry is observed about the 
LiF [111] axis. A principal orientation with metal {110} 
parallel to LiF {110} and metal [110] parallel to LiF [100] 
co-exists with its four twin orientations. 

The effect of changing the metal on a given substrate is 
shown in Table 1, the metals copper, silver and gold behave 
similarly except that silver tends to condense epitaxially at a 
slightly lower temperature. Palladium requires a tem- 
perature higher by 100 deg c in the case of lithium fluoride 
and 180 deg c for mica. A comparison of the substrates 
indicates that high-index planes of lithium fluoride require 
a higher condensation temperature and epitaxy on mica 
occurs at much lower temperatures than on lithium fluoride. 


6. Discussion 


Current theories (see Pashley 1956) suggest that when 
epitaxy occurs condensed atoms are initially mobile and may 
also evaporate from the surface; both the effects being 
enhanced by increased temperature. In the epitaxial tem- 
perature range it is thought that the mobility is high enough 
to allow ordering whilst the evaporation rate from the surface 
is small enough to permit growth nuclei to form. It has 
recently been shown in two independent investigations with 
the electron microscope that in the first stages of epitaxy, 
condensation does occur on such nuclei (Bassett and Pashley 
1959, Matthews 1959). Bassett and Pashley observed some 
2:5 x 10!! nuclei/cm? in the case of Au on NaCl {100} at 
300° c, and these were related to surface steps on the sub- 
strate. As the mean film thickness increased some nuclei 
disappeared whilst others expanded and coalesced forming 
progressively larger islands which eventually merged into a 
continuous layer. In the case quoted the film did not become 
parallel sided until a thickness of 800 A was reached. Electron 
diffraction showed the films to be substantially mono- 
crystalline and well aligned with the substrate although some 
twinning was present. Further examination by electron 
microscopy revealed regions of twin orientations. In both 
investigations large areas of stacking fault were observed 
which indicates the rather imperfect nature of crystal growth 
by epitaxy. 

Our own observation that twin orientations are present in 
thick foils grown on mica may be explained from the reason- 
able assumption that two equally probable types of nucleus, 
having a twin relationship, form on a substrate plane which 
has hexagonal symmetry (Fig. 5). One would then expect 
the resultant foil to contain a mixture of these two orienta- 
tions and to exhibit a six-fold symmetry about its normal 
axis in diffraction. 

The origin of twins in the foils grown on a cubic substrate 
crystal is perhaps due to imperfect condensation on {111} 
facets of nuclei; the top layer of atoms on such facets having 
hexagonal symmetry. During the growth of relatively thick 
foils the direct influence of the substrate lattice on the con- 
densing atoms must disappear and it may be then easier for 
twins to develop in this way. 

The temperatures required for epitaxy reported here are 
somewhat higher than those found for thin films by other 
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Fig. 5. Showing schematically how twin cubic nuclei may be 
aligned on a substrate with hexagonal symmetry. 


investigators. This difference may arise from the more rapid 
deposition of metal atoms which would presumably require 
a higher substrate temperature to induce sufficient atomic 
mobility. A comparison of the temperatures of epitaxy for 
various metals on the same substrate (Table 1) and the data 
in Table 2 suggest that although substrate crystal symmetry 
exerts a great influence, correlation between lattice constants 
in substrate and metal is relatively unimportant, and that the 
temperature of epitaxy bears some relation to the metal’s 
melting point. For instance, copper and gold have con- 
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siderably different lattice constants, but similar melting points. 
and both exhibit epitaxy at the same temperature on a given | 
substrate. Silver, however, has a slightly lower melting 
point than gold with a similar lattice and has a slightly lower 
temperature of epitaxy. Palladium, with an intermediate) 
lattice, but a much higher melting point requires relatively 
high temperatures for epitaxy. A reasonable inference) 
would be that the mobility of a metal atom on a given) 
substrate depends on the melting temperature of the metal. 


Table 2. Substrate and metal lattice constants 


| 

| 

Melting point Lattice constant | 
2¢ A | 


Cu 1083 3-61 
Ag 961 4-08 
Au 1063 4:07 
Pd 1555 3-88 
LiF = 4-01 
Mica (hex. plane) — 5-20 
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Abstract 


A theoretical and practical study has been made to com- 
pare the optical performances of single layer {4 TiO, and 
double layer \{4 MgF,-A]/4 TiO, coatings when used as 
beam-dividing systems. Theoretical and experimental 
values of the spectral response for light arriving at normal 
incidence and at 45° incidence are given together with the 
) values for reflectance as a function of angle of incidence 
for monochromatic light. The optical characteristics of 
glass—film-glass beam dividing systems are also investi- 
gated. It is further shown that the efficiency of a system 
consisting of a reflecting single 4/4 layer between glass 
boundaries is improved by the introduction of a second 
A/4 low refractive index film layer. 


1. Introduction 


HE use of optical interference films of high refractive 

index in beam-dividing systems is well known and 

widely referred to in the literature (Holland 1960, 
Heavens 1955). Such systems have a high optical efficiency 
due to the absence of light absorption and for this reason are 
superior to the conventional semi-reflecting coatings using 
metal films. 

The properties (e.g. refractive index, durability and 
stability) which determine the choice of film material to give 
the best optical performance are fulfilled fairly well by 
titanium dioxide as shown by Hass (1952) in his investiga- 
tions into the preparation and properties of this material. 
However, it was observed in our laboratory that titanium 
films may react with the glass substrate when undergoing 
heat oxidation and barrier layers were used to prevent this 
(Holland et al. 1957). The barrier layers consisted of quarter 
wavelength films of either aluminium oxide or magnesium 
fluoride and it was shown that base layers of magnesium 
fluoride improved the optical performance of TiO, beam 
splitters. 

It is the purpose of this paper to extend the previous work 
by investigating the theoretical and practical performance of 
the following beam-dividing systems: (i) a single quarter 
wavelength coating of TiO,; (ii) a double layer system con- 
sisting of quarter wavelength films of MgF, and TiO, 
deposited in sequence; (iii) film systems (i) and (ii) cemented 
between glass media. The spectral response of the systems 
for visible light is investigated both at normal and 45° 
incidence. 


* Now at the University of Chile, Institute of Physics and 
Mathematics, Santiago, Chile. 
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2. Theory 


A general expression for the reflectance R of a two-layer 
coating is (Catalan 1960). 


b3E3 — =i 
RA re (1) 
5 H3E3 + Hy; 
with 
H3E3 + H3 = {us + po) COS 1 COS 25 


bo = aD) sin g, sin ohr, 
of H{ (Hy, as 1) sin g1 COS gz 
1 


Si (rs ze 12) sin g2 COS hf 
2 


where E is the electric field strength, H is the magnetic field 
strength 


Hy = nylcos $y 
or Hy; =n; Cos 4; (2) 
according to whether the electrical vector is vibrating per- 
pendicular or parallel to the plane of incidence, n; being the 


refractive index of medium j and $j the angle of incidence at 
the j/(j — 1) boundary (see Fig. 1). 


ns ne n, Ro 


Go 
0; 


Convention for the passage of rays through 
a multi-layer film system. 


LEI le 


27 


a= i njh; cos 4; (3) 


is the phase angle corresponding to the vacuum wavelength 
Xo and the optical thickness 7,/; cos ¢; of the layer j. 

Similarly, the general expression for the reflectance of a 
single layer coating is 


poe (Uy — fo)” cos? gy + (Urpo/pr — p41)? sin? gy (4) 
(fez + flo)? cos? g4 + (Mobo fer + pa)? sin? 81 
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When only quarter wavelength coatings are used (g; = 77/2), 
the expressions (1) and (4) can be written 


21 — py2p03\2 

ps (Ee v ‘) (5) 
Ba Bo + Pi" H3 

for a two quarter-wavelength coating, and 


OX D) 

HMo2 — 1 

R=( ) (6) 
Pola + a> 


for a single A/4 coating. 

It should be pointed out that Eqns (5) and (6) can be 
applied to any angle of incidence provided Eqn (2) is taken 
into account. On the other hand, for computations involving 
A # Xo, Eqns (1) and (4) have to be employed and the actual 
phase angle g is given by g, = 47Ao/A. 


3. Experimental 


The coatings were deposited on to 2 mm thick soda-lime 
glass (the refractive index of which was taken as 1-5). The 
glass surfaces were cleaned by washing in Teepol and water 
and polishing with finely divided chalk and iso-propyl 
alcohol; finally the glass was exposed to a gas discharge for 
10 minutes. The titanium dioxide coatings were always 
prepared by the heat oxidation in air of thermally evaporated 
titanium metal as shown by Hass (1952) and Holland ef al. 
(1953). The titanium metal was deposited to give a film 
having a transmission of light of 7-5% at 0-530 my which 
gave a A/4 film for A = 535 my after oxidation in air at 
400° c. 

The optical measurements were made on a spectrometer 
fitted with a modified modulated beam photometer as 
described by Steckelmacher et al. (1959). The amplifier 
used in this work was an improved version of that described 
in the paper referred to, having zero backing off facilities, 
and greater sensitivity. The wavelengths were selected using 
a range of ‘Wratten’ Kodak absorption filters. The measure- 
ments have an accuracy to approximately +1°%% of the full- 
scale deflection when full-scale deflection corresponds to 
0-100 %, assuming the amplifier to be linear. Where measure- 
ments are recorded as being for normal incidence, in practice 
the angle of incidence fixed by the apparatus was about 15°. 
The measured values for reflectance include the reflection 
from the back surface of the glass; it was therefore necessary 
to make a correction for this in each case. 


3.1. Single A/4 layer reflecting system 


The refractive index of an ideal beam splitter for equal 
transmission and reflection using substrate glasses of refractive 
index 1-5, should be 2:9 as can be shown by using Eqn (6). 
The refractive index of heat oxidized TiO, films is about 2-7 
at A = 535 mp and this appears to be the closest one can 
get to the ideal index with absorption free metal oxide films. 

A titanium dioxide beam splitter was prepared as described 
above and its reflectance plotted against angle of incidence at 
A = 535 mp is given in Fig. 2. It can be seen that for 
unpolarized incident light the reflectance changes by a small 
amount from 0 to at least 60°. The effects of using a polarized 
incident beam (i.e. perpendicular R, and parallel R, to the 
plane of incidence) are also shown in Fig. 2. The agreement 
between measured reflectances and theoretical values is fair. 
It should be pointed out that for the purposes of calculation 
the refractive index value of 2:7 was used for the TiO, film, 
thus the small differences between the curves could easily 
have been due to small index deviations. 
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000 MEASURED RESULTS 
— THEORETICAL REFLECTANCES 
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Ooo 
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Angle of incidence 9° 


Fig. 2. Reflectance of a A/4 TiO2 coating deposited on to 
glass (ng = 1-50) as function of the angle of incidence for 
natural and polarized light (Aj = 535 my). 


Figure 3 shows measured and theoretical reflectance curves 
for the spectral response at normal incidence of a A/4 TiO, 
layer deposited on to a glass substrate (wy = 1:5). Dispersion 
is generally neglected when calculating the response of thin 
film systems, because of the lack of reliable data on the 
dispersion properties of film materials. However, one set 
of calculations was made correcting for dispersion using data 


©OO MEASURED VALUES 
THEORETICAL VALUES FOR DISPERSION NEGLECTED 


THEORETICAL VALUES FROM THE DISPERSIVE 
CURVE OF My AS GIVEN HASS (1952) 


nN 
o 
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ciele 


Fig. 3. Spectral reflectance at normal incidence of a Ap/4 TiO2 


coating deposited on to glass (m9 = 1-50). 


for TiO, films reported by Hass (1952) and these results are 
given in Fig. 3, together with those where this property was 
neglected. The figure shows that though agreement with the 
measured curve is fair it was not much improved by making 
the dispersion correction. However, for the remaining film 
systems containing MgF, films dispersion was neglected | 
because data were not available for baked Mg films as used | 
here. The small discrepancies observed in the red region of 
the spectrum may be caused by an increasing absorption at 
those wavelengths. These curves show that 4/4 TiO, coatings | 
approach closely the ideal flat response required of a beam- 
splitter. The theoretical and measured reflectances in Fig. 4 
for light incident at 45° also show good agreement and flat. 
response curves. 

It can be shown that if the squares of all the incident 
electric vibrations taken in all directions (where the square. 
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Fig. 4. Spectral response for reflectances at 45° incidence of 
a A/4 TiO2 coating deposited on to glass (mp = 1-50). 


| of the amplitude is proportional to energy) are summed for 
| any given angle of incidence, the result is as if the vibrations 
are always propagated at an angle of 45° to the plane of 
incidence (the azimuthal angle). Born and Wolf (1959) give 
a theoretical treatment of this subject. They state: ‘“‘The 
reflected light is then said to be partially polarized and its 


| ‘degree of polarization’ P may be defined to be 


= a 
Ry + RL 


Reflectivity R is now given by 


a J” J@® a If 
= PSA Alien at | 
Ji Jw rR t Ry) 
where J = incident wave energy, J“ = reflected wave 


energy.” 

Also given in Fig. 4 are measured and theoretical values 
for the reflected polarized light (R,) and (R,). The theoretical 
mean curve was determined by summing the mean reflection 
coefficient values R,,/2 and R,/2, where in general R = (E,/E;)? 

using R=4+(R, + R,), ie. the natural light reflectance. 
Fig. 4 gives a practical verification of the foregoing statement 
as can be seen by comparing the calculated mean value and 


the measured curve for natural light. 


3.2. Double-layer quarter wavelength system 


The double-layer semi-reflecting system consisted of a A/4 
magnesium fluoride coating, deposited by thermal evapora- 
tion, followed by a 4/4 titanium dioxide coating prepared in 
the way described above. The titanium film was deposited 
to give 7:-5°% transmission as used above. It is interesting to 
note that the magnesium fluoride layer was not affected by 
the heat oxidation process. Using Eqn (5) it was verified 
that a coating of two quarter wavelength layers consisting of 
two materials with refractive indices corresponding to 1-38 
and 2-7 respectively has a reflectance of nearly 50%. 

It can be seen in Fig. 5, which gives measured values for 
reflectance against angle of incidence, that again there is 
reasonable agreement between the characteristics of the 
practical coating and the theoretical case. Up to angles of 
incidence in the region of 55° a reflectance of approximately 
50°% is maintained fairly constant. It was shown both in 
theory and in practice that the quarter wavelength thickness 
of the two films need to be controlled for the same wavelength 
to produce the ideal 50% reflectance case, that is no mis- 
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Fig. 5. Reflectance of a two Ao/4 layer system of MgF2+-TiO2 
deposited on to glass (mo = 1°50) for Ap = 535 mw. 


matching of wavelength thickness between the two layers is 
necessary. 

A reasonably flat spectral response can be achieved in the 
range 450 my to 650 my, see Fig. 6. The theoretical values 
plotted in this figure were not corrected for dispersion. 


80 
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A [mye] 
Fig. 6. Spectral response at normal and 45° incidence for 


natural and polarized light of a two Aj/4 layer system of 
MgF2 + TiO2 deposited on to glass (mp = 1-50). 


By comparing Fig. 6 with Figs 3 and 4 it is clearly demon- 
strated that both for single and double layer quarter wave- 
length systems the flat spectral response of the reflectance is 
very much the same at 45° incidence as it is at normal inci- 
dence. Also it is shown that the double-layer system is more 
efficient than the single-layer coating and its performance 
approaches remarkably well the ideal beam divider system 
as described in §1. 


3.3. Beam dividing systems sandwiched between glass media 


A study similar to that made in §3.1 and §3.2 was carried 
out with single and double quarter wavelength systems sand- 
wiched between glass media (% = 1-5). The cover glass 
was cemented to the film system using cellulose caprate 
which has a refractive index of 1-492. For computation the 
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refractive index of the cementing medium was taken as being 
equal to the index of the glass cover. Since in this case the 
light is incident on an air—glass boundary, for the purposes 
of calculation we have ¢y # fg, where ¢o is the angle of 
incidence at the air-glass boundary used in measurement 
and Pgs used in calculation, is the angle of incidence, due to 
air-glass refraction, at the glass-film boundary. A correc- 
tion was made for the front reflection from the cover glass, 
during calculation. It was shown, as expected from the theory, 
that in adding the second glass boundary the optical per- 
formance of both systems was considerably impaired. The 
measured reflectances obtained for normal incidence at 
A = 535 mp were 28% for the single layer system and 34% 
for the two layer system. It appears then that only slight 
improvement can be gained by using the double layer system 
as can be seen by comparing Figs 7 and 9. 
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Fig. 7. Spectral response at normal and 45° incidence of a 
single Ao/4 layer TiO2 sandwiched between glass media 
Cig 71350): 
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Fig. 8. Reflectance and transmittance of a double layer 
MgF>2 + TiO2 Ao/4 system sandwiched between glass media 
(no =n3> kos) (Ao == 58) my). 


Conclusion 


It has been shown that a double-layer quarter wavelength 
system consisting of titanium dioxide and magnesium 
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Fig. 9. Spectral response at normal and 45° incidence of a 
double layer MgF2 + TiOz Ao/4 system sandwiched between 
glass media (m9 = 13 ~ 1-50). 


fluoride films gives an improved optical performance com-} 
pared with the conventional A/4 TiO, beam divider. In fact, , 
its performance when used between air—low-index glass: 
boundaries approaches the ideal conditions quoted in the 
introduction. In all the cases considered the measured light 
reflectance values show remarkably good agreement with the 
results obtained by using the equations given in the theoretical 
section. It has been pointed out that when the coatings 
studied are sandwiched with optical cements between low 
index glasses, the light reflectance decreases appreciably, the 
double Jayer system giving the better optical performance. 
An investigation of a three-layer quarter wavelength syste 
using a low—high-low index combination might produce a 
beam divider with more equal reflectance and transmittance 
values when cemented. 
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Abstract 


An investigation has been made to see whether the 
secondary x-ray photons arrive in a random manner in a 
commercially available x-ray fluorescence spectrometer, 
and if so, how may the available counting time be best 
used. A sufficiently large number of observations has 
been taken to allow a full statistical analysis to be made 
and compared with theoretical predictions. In addition, 
an experimental investigation has been made into the 
timing accuracy and its effect on the final count rate. 

_ It was found that for very high counting rates, above 
10000 counts/s, or long counting times, above about 
2 minutes, small instrumental errors tend to occur, but 
for count rates generally obtained in practice, the x-ray 
photons are emitted in a random manner and a Poisson 
distribution is obtained. In practice one could expect a 
single observation to be within 0-6% of the true value 
for a 256000 count or 1:3°% for a 64000 count. 

_ The necessary statistics for measurements of a given 
accuracy are set out in a form readily usable by the 
‘X-ray spectroscopist, together with formulae and _ pro- 
cedure for obtaining the greatest net accuracy when only 
a limited time is available. 


, 


Introduction 


ways. In x-ray fluorescence analysis, the x-rays from the 
_f anode of an x-ray tube are used to generate secondary 
x-ray photons from a specimen. In the primary x-ray 
emission method, the x-rays are produced by the direct 
impingement of electrons on to the specimen. It is tacitly 
assumed that these x-ray photons, produced in either way, 
are emitted in a random manner both with respect to direction 
and time. 

Two problems of importance to the spectroscopist then 
arise: 

(i) Is the process in fact random in time? Direct tests of 
this are difficult, but it is simple to investigate whether 
counting rates are random in a particular spectrometer. If 
this is the case, it is unlikely that instrumental factors are 
responsible and the random process must be the generation 
of x-ray photons. 

(ii) If random, how many counts must be taken to obtain 
the required degree of accuracy in count rate? 


Other authors (Klug and Alexander 1954, Liebhafsky et al. 
1955, 1960, Mack and Spielberg 1958, Parrish 1956) have dis- 
cussed the general statistics of counting methods. In this 
communication it is proposed to give in a readily usable 
form all the statistics necessary for x-ray spectroscopic 
measurements of a given accuracy, and to examine the two 
problems raised with special reference to a commercially 
available x-ray fluorescence spectrometer. 


| I: an X-ray spectrometer, x-rays may be produced in two 
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Statistical definitions 


Assume first a random emission process having a constant 
mean counting rate. Then, since there are a large number of 
atoms in the sample and the probability of a particular one 
being excited is small, the distribution approximates to a 
Poisson distribution. Thus the probability of recording a 
count rate x for a given number of counts N, when the average 
rate is X, is 

Py(x) = Bers, (1) 


In the present case x* > 1 and the distribution also approxi- 
mates to a Gaussian distribution of standard deviation o, 


(x — x)? 


where 5) 
20 


Py(x) = (277)—*0 exp ‘= (2) 
We can then make use of the following formulae and 
definitions. 


(i) ‘Mean’ x, the average count rate, is the sum of all the 
count rates determined for equal numbers of counts (or 
equal times) divided by the number of observations n. If a 
large number of observations is made with the same pre- 
cision, this constitutes the most probable approximation to 
the true value. 

(ii) ‘Standard deviation’ oc, 
deviation, given by 


is the root mean square 


~ (a = (3) 


n 


where x is the count rate determined in a single observation. 
This is the maximum deviation from the true count rate 
that may be expected to occur in 68% of a large number of 
observations. 

Also, for a Poisson distribution 


G= N2/t (4) 


where JN is the total number of counts to be observed, provided 
that the time ¢ can be observed without error. 

(iii) ‘Relative standard deviation’ A. This enables sets of 
observations to be compared and is equal to the standard 
deviation divided by the mean. It is conveniently expressed 
as a percentage. Ifa large number of measurements be made, 
it may be expected that at least 68% of the observations will 
differ from the true value by the relative standard deviation 
or less. 


A= ee ~ [n}* x 100% (5) 
or for a Poisson distribution 
Nt by ae 00 
A=> x 100% = wi (6) 
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Thus if a large number of observations be made on a 
given number of counts, the relative standard deviation 
(R.S.D.%) calculated from the root mean square deviation 
should agree approximately with that calculated as (100/N?+) %. 
If there is no agreement, the distribution is not a Poisson 
distribution and it must be assumed that the basic process 
is not random or that the particular instrument is at fault 
as a result, for example, of the occurrence of spurious counts. 

In addition, two other methods of expressing the error 
are sometimes used. These are: 


(i) ‘Reliable error’ R—a value such that 90% of the read- 
ings will have errors less than this value. It is equal to 
1:64 x R.S.D., and is usually expressed as a percentage, so 
that 
164, 


R= yo 


(7) 

(ii) ‘Probable error’ P—that error for which there is an 
equal chance of it being exceeded as not. It is the maximum 
deviation from the true value that may be expected in 50% 
of a large series of measurements and is equal to 0:68 x R.S.D. 
and again is usually expressed as a percentage, so that 


68 , 
P= 3% (8) 
As an example, for a count of 16000, one could expect a 
standard deviation of (16 000)? = 126-5, which corresponds 
to a relative standard deviation of 100/(16000)? = 0:8 %. 
In addition, the reliable error would be 1:64 x 0:8 = 1:3% 
and the probable error 0:68 x 0:8 = 0:5%. 


Randomness of count rate 


To check the randomness of the arrival of the x-ray 
photons, the following investigations were made. 

One hundred successive observations were made of the 
time required to accumulate a given number of counts. 
These were obtained using a Philips, PW1010/30 stabilized 
X-ray generator, with a PW1050/25 goniometer, PW1540 
vacuum spectrograph, and a PWI1051/30 electronic circuit 
panel. The counts were made on the first order copper 
K,, peak (20 = 44-96, LiF analysing crystal) without pulse 
height discrimination, using a PW1964/10 scintillation counter 
(850 v) and a tungsten anode x-ray tube. This was operated 
at 6 ma and sets of observations were made at various kilo- 
voltages, to obtain different counting rates. In the Philips’ 
instrument, the time required to accumulate a predetermined 
number of counts is obtained. Measurements of time were 
made to an accuracy of 0-05 second on the instrument’s 
clock. 

A check was also made on the accuracy of the clock. In 
the Philips’ instrument, there are facilities for counting on a 
test signal (100 counts/s) derived from the 50 c/s mains fre- 
quency. Sets of one hundred successive observations were 
made on this signal for various total counts, to give different 
counting periods. A continuous check was also made on 
the mains frequency against a quartz crystal oscillator with 
a claimed accuracy to better than 0:01°%. Each observed 
time was then corrected accordingly. The results are given 
in Table 1, assuming a Gaussian distribution. 

From these it is seen that there is a constant standard 
deviation of 0:04 independent of the time being recorded. 
It would thus appear that all the errors due to the clock 
occur during starting and stopping and not in the running 
period. 


BRITISH JOURNAL OF APPLIED PHYSICS 


504 


Table 1. Observed deviations for clock 
Recorded S.D. R.S.D. 
time o A 
20 s 0-042 s On2174 
40s 0:040s 0:10% 
80s 0:039 s 0:05% | 
160s 0-040 s 0:025% | 


The results for count rates obtained for various kilo- 
voltages are summarized in Table 2. For the lower count 
rates, the time to accumulate a hundred observations became: 
long and there was a long-term drift (up to 4% in 6 hours). 
This was possibly due to temperature changes in the sur- 
roundings. In the practical use of the spectrometer, measure- 
ments on a sample would be completed in a few minutes, 
and usually by ratio with a known standard. Thus the 
effects of any long-term drift in the spectrometer would no 
be evident and must therefore be compensated for in th 
present series of observations. This was done by fitting 
plot of count rate against order of observation by the method 
of least squares and computing the deviations from thi 
curve. 

In the sixth column of the table is given the maximum) 
error obtained in the individual counts, expressed as a per-, 
centage error of the mean, and in the last column is given the: 
number of times the 99°% confidence limit is exceeded in a 
set of 100 readings. For a 99% confidence limit, one would 
expect only 1% of the observations to have an error greate 
than 0:59°% of the mean for measurements of 256000 counts, 
or greater than 1-:19°% for measurements of 64000 counts. 


Table 2. Observed deviations for (a) 256000 and (b) 64000 
counts (100 observations) 


(a) 256000 counts. 


(1) (2) (3) (4) S) (6) (7) 
11 12137 211-0) 3-45 0-28-05 5 
12) 2558p 00s Si OER) Op sy7/ 0) 
13 AT32)= 5325-6 ool O21 SeeOr44 0 
14 (246) 935-3 14 0-20 Oz ot) 0 
1S) 10067" 92524 25-6) 0225 0-710; aes 
1677 13098) V1925) 934230 0-074 1 
(6) 64000 counts. 
10 393) 162° 8)) V6 O24 ee 0 
11 13047 49" 17) 4 Si 02370592) 0 
12 2580 24-8 11-4 0-44 1-28 2 
13 4858 1372 20-50-42 30-95 0 


(1) Voltage (kv); (2) mean counts/s x; (3) mean time for one} 
observation f(s); S.D. co (counts/s); G) R'IS.D: ACY 
(6) maximum error as % of x; (7) % of observations > 99% con- 
fidence limit. 


In Table 2(a), the results are given for counts of 256000. | 
With a Poisson distribution these should give an R.S.D. of | 
100/N? = 0:20%. Table 2(b) gives similar results for counts 
of 64000. The R.S.D. should now be 0:40°%. 

As can be seen, the results are in good agreement with the| 
experimental R.S.D.’s computed from (1000/x)%. Thus a- 
Poisson distribution for the count rates obtained by the 
spectrometer may be assumed. 

In practice, one should be able to take a reading and! 
expect that in 99 cases out of 100 the results will be within | 
0:6% of the true value for a 256000 count or within 1-3 %, 


for a 64000 count. This, however, does not appear to bet 
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true for the longest counting time and possibly for the 
fastest counting rates. For the longest counting time, it is 
presumed that here there is more chance of external inter- 
ference due to mains fluctuations, for example. Thus in 
practice, counting times should not be longer than about 
2 minutes, if this can conveniently be arranged. Also, with 
the highest counting rate, there is an increase in the R.S.D., 
presumably due to partial paralysis in the electronic counting 
circuits. Count rates should therefore be kept below about 
10000 counts/s. 

_ Errors due to deviations of the clock can be shown to be 
negligible. The corrected standard deviation of the count 
rate is o;/t, where ox, the standard deviation of the number 
of counts, is given by (Parrish 1956) 


+ y 


where o.,;, and a, are the standard deviations of the observed 
count rate and the clock reading (i.e. 0-045), and ¢ is the 
mean time to observe a mean count *. 

' Thus the greatest correction to the observed count rate 
would be the observation involving the least time. For 
example, the R.S.D.% of the count rate in the 64000, 13 kv 
observation, would be reduced from 0-422 to 0:421 with 
error-free timing. That is, the standard deviations of the 
observed count rates are not materially affected by the timing 
and must be presumed to be entirely due to the randomness 
of the emitted x-ray photons. 


OR/t 


Counts for required accuracy 


| With a random arrival of x-ray photons, the number of 
counts required to obtain a given accuracy may be calculated. 
An error of 1A means, in this instance, an error of 1 R.S.D. 
expressed as a percentage. For example, the R.S.D. of 
64000 counts would be 100/(64000)2, that is, 0-4%, and an 
error of 1A would mean that variations of 0:4%, or less, 
from the true value would be expected to occur in 68% of a 
large series of measurements. Similarly, an error of 2A 
would mean variations of 0:8% or less would be expected 
in 96% of the measurements. 

| Table 3 gives the expected errors calculated in this way. 


Table 3 
N 1A(%) 2A(%) 3A(%) 
1000 3-16 6-32 9-49 
2.000 2:24 4-47 6-71 
4000 1-58 3-16 4:74 
8 000 1-12 2-24 3-35 
16000 0-79 1-58 2:37 
32.000 0-56 1=12 1-68 
64.000 0:40 0-79 1-19 
128 000 0:28 0:56 0-84 
| 256 000 0-20 0-40 0-59 
| Probability 68% 96% 99% 


Thus, to obtain the required accuracy, the appropriate 
aumber of counts to be taken may be found from the table, 
yr calculated as follows. For example, suppose an accuracy 
of 1% or better is required in 99% of the determinations. 
[hat is, a 3A variation (see Table 3) of 1 % is required. 
Divide by 3 to convert to a 1A error of 0:33%. Then from 
Eqn (6) N = 92809, i.e. about 93000 counts must be taken 
-o achieve the required accuracy. 

’ However, since the calculated accuracy can only be the 
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probable accuracy, there must still exist an uncertainty if 
only one measurement is made. In addition, there is still 
the possibility of some instrumental failure, or error in the 
counting due to sudden large voltage fluctuations in the 
public power supply. 

There is, consequently, much to be said for taking several 
measurements of fewer counts than that required for statistical 
reasons and summing. For example, on a total of N counts 
the standard deviation would be N?. If, however, three 
counts of $N were made, each of standard deviation 

$N)?, then, on summing the counts for a total N, the total 
standard deviation would be (44N + 4N + 4N)? = N}, as 
before. That is, the same statistical accuracy is achieved by 
obtaining the required total counts by summing a series of 
lesser counts. This method of counting has the advantage 
that it is at once obvious if there is any marked drift, or 
any marked error in one of the measurements. If the 
measurements are in close agreement, say, within 1% of 
each other, confidence is established in the results. From 
Table 2 it is seen that errors of this order should be easily 
attained in practice. If, in addition, the measurements on 
the specimen are alternated with measurements on a stable 
standard, results may be compared by ratio and the effects 
of any long-term drift in instrumental performance nullified. 


Effect of ‘background’ 


So far, the effect of background has been neglected, but 
in practice this is rarely possible and it is necessary to make 
measurements on the peak height and on the background, 
and find the difference. 

Then if ¢, and 4, are the times obtained to accumulate the 
same number of counts N on the peak and background 
respectively, the net counting rate will be N/t, — N/t, with 
an §.D. of N2/t, for the peak measurement and N23/t, for the 
background. Then the net S.D. is given by 


GG) «9 
and the R.S.D. is 
2) 4 
(rG-2  « 
or 100(1 a 2) [MC es = % (12) 


where K = 1,/tp. The Figure shows plots of the relative 
standard deviation (R.S.D.°%) for various values of K, the 
peak to background ratio, and of N, the number of counts 
measured. As can be seen, for peak—background ratios in 
excess of 10 the effect of background on the R.S.D. can be 
neglected without serious error. 

When the background is of importance, the problem of 
the relative distribution of counting time between the peak 
and the background becomes of interest. Only a limited 
time may be available for a particular investigation, and the 
problem is then to determine the number of counts, N, and 
N,, on the peak and background respectively, to obtain the 
required net R.S.D., Ap. If A, and A, be the corresponding 
RES: Desuthen 

Ne a {egy th (xpAy)?}4 


x 100% 
(Xp Ge Xp) 7 


(13) 


where xp, Xp are the approximate count rates obtained on 
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the number of counts measured. necessary to obtain a given 
RES.Da@,): 


the peak and background respectively, and (x, — xp) is the 
net counting rate. Also, 


IN 1 1 


: Np? (Xptp)? 


(14) 


where fp is the time required to obtain N, counts on the peak. 
Similarly, for the background, 


1 1 


Np = : 
> Mt ote)? oP) 
LOO ws tae MXEN2 
f = ( PY ®) ve 

therefore Ap ee ae ve (16) 

Putting K = t,/tp and T = t, + ftp, we have 

104 25 
nce ol ey, 

D TQ; is, Xp)" XpKk ae Xp aF Xp aE K (17) 
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Differentiating, then for a minimum, 
t 
= (=) 
Xp 
Combining this with Eqn (16) and by subsequent mani! 
pulation, it is found that the number of counts N, to be 


taken on the peak to obtain a given net R.S.D., Ap %, ij 
given by | 


104 zai Open 


we find 


(18 


19 

ae a Cs A OF) 

rt a 104 Xp + (x Xp)} | 

Similarly, Ne E ; (20 

imilarly b Ap? Xp ia Xp)? | 
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Abstract 


The resistivity of a sample can be deduced from the change 
in mutual inductance between two coils when the sample 
is inserted. It is shown that with simple equipment for 
measuring mutual inductance over a range of frequencies, 
‘the method can be used to measure resistivities from 
‘2 X 10° ohm cm upwards, and the necessary functions 
are tabulated. 


| 
Introduction 
| HE Self-inductance L of a coil, or the mutual inductance 
M between a pair of coils, is reduced when a non- 
ferromagnetic conductor is placed in the magnetic 
field generated by alternating current, and the losses are at 
the same time increased. We may represent the decrease in 
‘L or M on bringing up the conductor by 6L = 6L’ + idL” 
or 6M=6M’+idM”. By measuring 5L or 5M at a 
mumber of frequencies it is possible, knowing the geometry 
of the system, to deduce the resistivity of the conductor. 
Using simple equipment, the accuracy of such measurements 
is limited to about 1%, but the method has the advantage 
that no direct electrical connections need to be made to the 
sample. The method has been described previously bya 
number of authors (Kouwenhoven and Daiger 1934, Grube 
and Speidel 1940, Laurmann and Shoenberg 1949, Fraser 
and Shoenberg 1949, Rorschach and Herlin 1951, Van den 
Berg and Van der Marel 1954); the object of the present 
paper is to discuss the interpretation of the results in rather 


more detail. 


q 


Theory 


If the sample is isotropic in resistivity, the alternating field 
H = H,¢' inside it satisfies the equation 


V2H = 2iH/5 (1) 


subject to the appropriate boundary conditions. Here 4 
is the skin depth for a plane surface: if p is measured in 
microhm cm, f in kc/s and 6 in cm, 


330)" 


Solutions of the related equation V2H = H/A? are given, for 
instance, by Shoenberg (1952) for an infinite circular cylinder 
parallel to the applied field, for a thin plate with the field 
parallel to its surface, and for a sphere. The solutions of (1) 
follow on replacing A by 6/(2i)"/?. 

A well-defined geometry is most simply achieved by using 


* Now at the Department of Physics, Imperial College, London, 
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by R. G. CHAMBERS, M.A., Ph.D., and J. G. PARK,* M.A., D.Phil., H. H. Wills Physics Laboratory, Bristol 


a mutual inductance with a long primary winding, and a 
short secondary coil wound over the centre of the primary, 
and measuring the change 6M in the mutual inductance on 
inserting a long cylindrical specimen. (The primary and 
secondary may, of course, be interchanged without affecting 
6M). The flux through the secondary is then not appreciably 
perturbed by end effects, and the solution of (1) for an infinite 
circular cylinder may be used. This solution may be expressed 
in terms of an effective volume susceptibility y or permeability 
je 

1 SAP), 

4a Jq(xirl*)’ 


— 25 (xi?!) 
oe. xi512Jq(xi?/2) 


Here the J, are Bessel functions of the first kind, and 
x = 4/2a/6, where a is the specimen radius. Thus 


pla? = 87? f[x* (2) 


where again p is expressed in QQ cm, f in ke/s and a in cm. 
If A, and A, are the cross-sectional areas of the primary coil 
and the specimen and the mutual inductance changes from 
M, to M, — 6M when the specimen is inserted, we have 
OM = 6M’ + idM” = — 4ryM.A,/A,. Athigh frequencies, 
where 6 < a, little flux penetrates into the specimen, y tends 
to —1/47 and 6M tends to the limiting value 6My = M,A,/Ac. 
If the specimen becomes superconducting, y = — 1/47 at all 
frequencies (assuming that the penetration depth A is much 


less than a) and 6M, can be measured directly. Writing 
6M’/5My = m’, 6M” /6My = m’”, we have 
m + im! = = J,(xi3!?)/Jo(xi*!*). (3) 


The variation of m’ and m”’ with x is shown in the Table 
and in Fig. 1; the Table also shows the values of 


a = x2m’’/6m’. 


ji DEG 55x08 ) 
.), ie =A 1920°*" 


For small x, 


y, ES poe 
Ni = al 1920 °° 


and for large x, 


V2 


8x3 


(Fraser and Shoenberg 1949); these series are useful for 
x <1 and x> 5 respectively. At x =2:495, m’ =m’, 
and m’’ passes through a maximum at x, =2:5lg. The 
corresponding frequency is given from (2) by 

fon = 0:0803p/a?. (4) 
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m’ or m” 


A 5 0) e859) 10 


er 2 


3 
x=W2a/f 


Fig. 1. Variation of m’ and m” with x (x is proportional to 
the square root of the frequency). 


oe nm’ m” a 
0-0 0-0000 0-0000 1-0000 
0-2 0-0000 0-0050 1-0000 
0-4 0-0005 0-0200 1-0000 
0-6 0-0027 0-0448 1-0001 
0:8 0-0084 0-0791 1-0004 
1-0 0-0202 0-1214 1-0010 
iho: 0-0407 0-1679 1-0022 
1-4 0-0718 0-2205 1-0041 
1-6 0-1142 0-2695 1-0069 
1-8 0-1667 O3121 1-0109 
2:0 0-2262 0-3449 1-0163 
Di 0-2884 0-3660 1-0235 
2:4 00-3495 0-3760 1-0330 
228 0-4063 0-3768 1:0451 
228 00-4569 0:-3707 1-0601 
ao0) 0-5009 0-3600 1-0780 
Bee 0-5387 0-3469 1-0988 
3-4 0-5710 0-3327 T1226 
3-6 0:5987 0-3186 1-1494 
3°8 0-6224 0-3050 11792 
4:0 0-6429 0-2921 1-2118 
4-2 0-6609 0-2802 1-2467 
4-4 0-6769 0-2693 1-2838 
4:6 00-6912 0-2593 13229 
4°8 0-7041 0-2500 1-3637 
5-0 Q-7159 0:2415 1-4059 
So 0:7268 O°233 7 1-4493 
5-4 0-7370 0-2265 1-4934 
5-6 0-7464 0:2196 1-5380 
5:8 0-7553 OF2132 1-5826 
6:0 0-7635 0-2070 1-6267 


The ratio p/a* can be determined experimentally in three 
ways: 

(a) If 6Mp is known, by measuring 8M’ or SM” at a single 
frequency. From the ratio m’ or m’”, the value of x can be 
found from the Table, and p/a? from (2). If 5M” alone is 


measured, it is also necessary to know whether the measuring 
frequency is above or below f,,. 
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(b) By measuring 5M’ or 5M” over a range of frequencies 
and scaling the experimental graph of 6M’ (or 6M”) against 
f'l2 to fit the theoretical graph of m’ (or m”) against x 
This is most simply done by plotting both graphs logarithmic-| 
ally, as in Fig. 1. Then the vertical scaling factor gives dMq| 
(which therefore need not be known beforehand), and the 
horizontal scaling factor gives f'/?/x, and hence p/a fro 
(2) or (4). 

(c) The simplest and most convenient method, whic 
again involves no knowledge of 5Mo, is to measure both 
SM’ and 6M” at a single frequency. Then the ratio 
5M”/S8M’ = m'/m’ = 6«/x* is a unique function of x, and 
an accurate value of x is readily found by successive approxi- 
mations, using the Table. The value of p/a* follows as 
before from (2), and 6M, can be found from | 


8M = 8M'/m'(x) = 6M” /m'(x). 


The analysis is particularly simple at low frequencies (f < fj) 
where ~ ~ 1. This method has the advantage that residual 
end-effect errors, which chiefly affect 6M, (in a frequency- 
dependent fashion) are virtually eliminated. 
If end-effect errors can be neglected, and the coil constant 
M./A, is known, the value of a? can be deduced at once; 
from the measured 6M, using 6My = 7a?M,/A, so that i 
is unnecessary to measure a directly. In particular, i ' 
method (hb) is used, we have m’ ~ m’’ = 0-3774 at f=f, 
so that from Eqn (4) the impedance changes at f,, give p 

directly: 
wdM’ ~ wiM” = 0:598pM,/A, (5 


where w6M is expressed in mQ, p in phQ cm, and M,/A, i 
pH cm ?, 

In practice it is desirable not to work at frequencies much 
higher than f,,, since at such frequencies the field penetration 
is small and the result is determined only by the resistivit | 
of the surface layers of the specimen, rather than by thes 
bulk resistivity, and may be affected by surface roughness. | 
Moreover, very pure specimens at low temperatures willl 
exhibit anomalous skin effect behaviour when the electronic; 
mean free path / becomes comparable with 6 and unde 
these conditions Eqn (1) breaks down and the presen 
analysis becomes inapplicable. The condition for (1) to be} 
valid is //5 s 10~! as shown by Reuter and Sondheime 
(1948). For most metals pl ~ 107° wQcm? (Chambers} 
1952) so that this condition can be written 


f 52 X 10%? (6) 


with fin ke/s, p in wOcm. Similarly, size-effect errors will] 
arise if / is comparable with the specimen radius, and a 


| 
| 
i 
| 


avoid these we require //a s 10~?. Thus, using the abov 
estimate of p/ we find that we need a 2 1073/p. With the} 
aid of Eqn (4) this can be put in a form similar to (6): 


fen pe (7) 


If errors of 5-10% in the determination of p can be tolerated, 
these frequency limits can probably be exceeded by factors: 
of 10 and 100 respectively (corresponding to J/5 < 0:3, 
Ila = 0-1). 


Experimental details 


As a practical example, we describe briefly the apparatus. 
we have used to measure the residual resistivity of dilute 
Hg-Cd alloys (Chambers and Park 1960). The samples were 
2cm long and 0-5-1 mm in diameter, and their resistivities 
ranged between 0:0025 and 0-5 uQcm. The 200 H mutual 
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inductance M into which the samples were inserted had an 
effective cross-sectional area A, of about 0-5 cm?, so that 
5M, was about 1-3 wH. To measure 6M, a Hartshorn 
bridge was used (Fig. 2). From the changes in R and M, 


oscillator detector 


Fig. 2. The Hartshorn bridge. 


meeded to restore balance on inserting the sample, we have 
OM’ = 6M,, 56M” =SdR/w. Provision was made for 
‘inserting and withdrawing the sample from outside the 
jcryostat, so that 6R and 6M, could be measured directly. 
‘This is necessary because the empty-coil balance point itself 
varies with temperature and frequency. The compensating 
inductance M, was in three parts: a main fixed compensator, 
isimilar to M, inside the cryostat, a small uncalibrated variable 
‘for zero-setting, and a carefully calibrated variable with 
‘ranges +0-45n to —0-45n pH, where n = 1, 3, 10,... 1000. 
The variable resistance R was a conventional 0-1 ohm low- 
‘inductance slide-wire potentiometer, supplemented by x 107! 
‘land x10~2 attenuators when necessary. The bridge was 
fed through a power amplifier by an audio oscillator 
(20 c/s—20 kc/s), and the output from the bridge was fed 
‘through a conventional audio amplifier to an oscilloscope. 


CAS EAT SOL wore 


a. 


WG 


SM: 8R/2T 


DS) 


Tr 8M or 1 SM"(SM'and S Min Ht) 


6 7 8 910 


| 2 3 4 5) 
2Vf (Cf inke/s) 


Fig. 3. An example of the use of method (6). The theoretical 
curves that fit the points best are shown superimposed. (The 
values of 6M’, 6M” and +/ f have been multiplied by factors 
which bring all the points within one cycle of logarithmic 
graph paper, for convenience in fitting the curves.) 
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If 5M, is measured in pH, OR in mQ and f in ke/s, then 
m’|m'’ = dR/27f5M,, and from Eqn (2) we have simply 
pla* = (2-094/a)dR/S5M, for method (c) of measurement. 
Thus in this method it is not necessary to measure the fre- 
quency accurately, if one works at low frequencies were 
a ~1. Finally, as an example of the use of method (5), 
Fig. 3 shows typical plots of }M’ and 6M” against f!/, with 
the theoretical curves fitted to them. For this specimen 
Sm = 1°12 ke/s and a=0-0519cm, so that from (4), 
p = 0-0378 pQ cm. 


Discussion 


If the resistivity of the specimen is not isotropic, the value 
of p measured by the present method is some average over 
directions normal to the specimen axis. If the specimen is 
a single uniaxial crystal, with principal resistivities pj and 
p, parallel and perpendicular to the crystal axis, and the 
anisotropy is not too great, the apparent resistivity is 
approximately (Fraser and Shoenberg 1949) 


P = Hp, + (py cos? ¢ + pi sin? P)}, 


where ¢ is the angle between the specimen axis and the 
crystal axis. Alternatively, if a specimen were used in the 
form of a long thin strip, with one of the principal axes of 
the material (the k axis say) parallel to the width of the strip, 
the apparent resistivity would be approximately p,. The 
details of the above analysis, of course, would have to be 
replaced by that appropriate to the altered geometry. 

The range of resistivities that can be measured by the 
present method depends on the frequency range available 
and the bridge sensitivity. With simple apparatus, measure- 
ments are not readily extended below about 20 c/s, so that 
if anomalous skin-effect difficulties are to be avoided the 
lowest resistivity that can be measured is about 0-002 .Q cm, 
from (6). To avoid size-effect errors, f, should then be 
less than 1 c/s, from (7); i.e. a should be greater than 0-4 cm. 
Under these conditions, however, the measured resistivity 
will be that of the surface layers rather than the bulk material, 
since f> fy. Size effect errors will probably not be serious 
if a specimen of radius 0-1 cm is used; then //a ~ 0-05 and 
tm ~™ 20 c/s so that f~ f,, and the measured resistivity will 
be that of the bulk material. Taking a coil constant M,/A, 
of 400 pH cm~*, a specimen of resistivity 0-002 wQ cm will 
then give an impedance change of about 0:5 mQ from (5); 
large enough to measure with fair accuracy. 

For materials of very high resistivity, such that f<f, 
even at the highest measuring frequency, we can use the 
approximations m’ = x4/48, m’’ = x2/8, and we then find 
for the impedance change on inserting the specimen: 


wdM’ = (M,/A,)87°a°f3/3p?, wSM” = (M,/A,)27*a*f?/p. 


Taking f = 20 kc/s, M,/A, = 400 pH cm~?, and a = 0-1 cm 
again, we find that wiM’ = 1 mQ for p ~ 10? uO cm, and 
woM”’ =1mQ for p~w3 x 10? ~Qcem. Thus if an 
impedance change of 1 mQ is measurable at 20 kc/s, method 
(c) can be used for resistivities up to 10? »Q0cm, and 
method (a) up to 3 x 10?uwQcm. These limits can be 
greatly extended by increasing the specimen radius above 
0-1 cm, though very high resistivities can be more simply 
measured by dielectric loss measurements. 

A closely related method of measuring resistivity has 
recently been described by Bean, de Blois and Nesbitt (1959), 
in which the rate at which magnetic flux escapes from a 
conducting cylinder is measured, after an external steady 
field has been switched off. The rate of flux expulsion 
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determines the e.m.f. induced in a pick-up coil wound round 
the specimen. After a time of the order of 7, the induced 
e.m.f. decays exponentially with a time constant 
+ =1:10/27f,,. Using suitable equipment, values of T 
between 50s and about 0-5 zs can be measured, correspond- 
ing in f,, to 0-003 c/s and 300 ke/s, and for a specimen 1 cm 
in diameter this corresponds to a range of resistivities from 
10-5 wQem to 10? ~Qem. This method is therefore 
particularly powerful for materials of very low resistivity, 
though not quite so powerful as this example suggests: a 
sample of resistivity 10~° w£2cm would have / ~ 1 cm, so 
that size-effect errors would be considerable in a rod 1 cm 
in diameter. Moreover, the radius of the electron orbits in 
typical metals (in cm) is related to the field H (in oersted) by 
ry ~ 5/H so that further complications due to orbit curvature 
and magnetoresistance would arise in fields of 1 oersted or 
more. A safer lower limit for this method would be 
10~4 .Qcm. (Since the decaying e.m.f. contains appreciable 
Fourier components up to at least 10 f/,,, condition (6) for 
avoiding anomalous skin-effect errors becomes identical with 
condition (7) for avoiding size-effect errors: we need at least 
Ila < 10~! and preferably J/a < 10~2, to avoid such errors.) 
It remains true that for materials of the lowest resistivity the 
flux decay method is superior, but for resistivities above 
10-2 uQ cm, the mutual inductance method as discussed in 
the present paper may be simpler and more convenient. 


Notes and Comments 


The Second International Conference on Stress Analysis 


The Second International Conference on Stress Analysis 
organized by the Groupment pour l’avancement des Methods 
d’Analyse des Contraintes (G.A.M.A.C.) will be held in 
Paris from 10th-14th April 1962. It is not intended to 
include review papers in the Conference. Contributions will 
deal mainly with the results of experimental work, and there 
will be no publication of the complete texts by G.A.M.A.C. 
The Joint British Committee for Stress Analysis is arranging 
for the scrutiny of the British contributions on behalf of 
G.A.M.A.C. Abstracts and summaries must be submitted 
by 30th September 1961. Further information may be 
obtained from the Secretary, The Joint British Committee 
for Stress Analysis, The Institution of Mechanical Engineers, 
1 Birdcage Walk, Westminster, S.W.1. 


Symposium on Carbohydrate Chemistry 


An International Symposium on Carbohydrate Chemistry, 
sponsored by the Chemical Society, will be held in Birming- 
ham from 10th—20th July 1962. Further particulars will be 
published by the Society in due course. Copies of the 
announcement may be obtained, when available, from the 
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General Secretary, The Chemical Society, Burlington House 
London, W.1. Papers read at this meeting will not b 
published in collected form. 


Third International Symposium on Rarefied Gas Dynamics 


The Third International Symposium on Rarefied Ga 
Dynamics will be held at the University of Paris, o 
26th-29th June 1962. The programme will range fro 
topics of immediate significance for upper atmosphere an 
space flight to basic scientific studies and will include th 
following areas: Studies of the limits of the continuum theor 
or the quasi-equilibrium kinetic theory of gases; Problems 
in kinetic theory of gases, particularly attempts to solve the 
Boltzmann equation; Free-molecule and near-free-molecule 
flow in neutral and ionized gases; The physics of surface! 
interactions between gases and solids; Boundary conditions 
for rarefied gas equations—slip flow; Experimental techniques 
and instrumentation developments bearing on the above, 
whether applied to laboratory or field experiments. 

Inquiries from the U.S. should be addressed to L. Talbot, 
Department of Aeronautical Sciences, University of Cali- | 
fornia, Berkeley, and from Europe to Laboratoire d’Aero-. 
thermique, 4c, route des Gardes, Meudon (S. and O.), France. 
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| Abstract 


discrete voltage pulses, of amplitude depending on the 
nergy of the incident radiation have been observed in the 
thotoconduction of cadmium sulphide at room tempera- 
ure. Between 4800 A and 8000 A the pulse height varies 
n a similar manner to the photocurrent with wavelength. 
3elow 3500 A it is closely proportional to the energy of 
he radiation. Cadmium sulphide can be used as a 
pectrophotometric device in this region when only small 
vumbers of quanta are available. 


HOTOCONDUCTION in heavy metal sulphides, tellurides, 

and antimonides, and in silver halides has been known 

since 1920 (Gudden and Pohl 1920, Breckenridge et al. 
956, Gibson 1958), and the d.c. response is currently usefully 
mployed for detection of low intensities of radiation. Like- 
vise, a liquid-air-cooled single crystal can be used for detec- 
ion of nuclear radiation by counting the voltage pulses 
roduced when nuclear particles are allowed to impinge on 
ts surface (Hofstadter 1949). We have been interested in 
hese detectors for investigating the low energy emission 
»btained during external gamma irradiation of suitable sub- 
tances, and during nuclear decay. But the few crystal 
pectrometers (Hofstadter 1949) which have been previously 
eported have been sensitive only in the high energy region. 
Ve now report some of the results obtained during our 
earch for a device which could respond effectively to single 
juanta in the region between | and 100 ev. 
Cadmium sulphide was prepared by the method of 
7rerichs (1947) from technical grade cadmium and hydrogen 
ulphide. Emission spectrographic analysis of the resulting 
rystals showed no detectable impurity which could not be 
iscribed to the known impurity content of the carbon speci- 
nen rods. In particular bismuth, copper, gallium, indium, 
ron, and magnesium were present in less than 0-01 parts 
yer million. Analysis for cadmium and sulphur by the 
ormation of the oxides revealed that the crystals were almost 
toichiometric. There was, however, some evidence that the 
admium content varied, just outside the limits of experi- 
nental error (see Table 1). 


fable 1. Ratio of cadmium to sulphur in cadmium sulphide 
crystals 
emp. of preparation (°C) Batch 1 Batch 2 Batch 3 
800 1-00 1-00 1-00 
900 1-04 1-04 1-06 
1000 1-03 1-00 1-00 


The experimental accuracy in these figures is +0°02. 


The crystals were mounted either in platinum spring 
ontacts, or with contacts made by soldering the electrical 
ads with indium metal. The latter gave good results, 
yhereas the former sometimes exhibited spurious pulses 
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Photoconduction in cadmium sulphide 


y J. F. DUNCAN, M.Sc., M.A., D.Phil., and D. N. SITHARAMA RAO, M.Sc., Ph.D., University of Melbourne, 
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arising from the contact. The resistances of the crystals are 
listed in Table 2, together with the changes observed when 
irradiated with about 10!° quanta/sec of white light. A small 
excess of free cadmium in the lattice of the cadmium sulphide 
would be expected to have a profound effect on the pro- 
perties of the crystals, since it would increase the number of 
free charge carriers. Crystals prepared at the same tempera- 
ture, and expected to have similar composition, had very 
similar resistances. But those prepared at 900° c usually 
had a slightly higher dark conductivity, and the change in 
d.c. on illumination was much smaller than in those prepared 
at higher or lower temperatures. They were, however, more 
suitable for investigation of the pulse amplitude response 
using monochromatic visible radiation since the pulses were 
less frequent, and more easily observed. Nevertheless, 
although the response of these crystals to individual quanta 
was less efficient than those prepared at other temperatures, 
the observed counting rate increased linearly with intensity 
up to about 60000 counts/min. The pulse amplitude also 
increased linearly with increasing voltage up to a field strength 
of 6-800 v/cm, but thereafter became less dependent on 
voltage, until above 1200 v the pulse amplitude was indepen- 
dent of voltage. The results reported here were determined 
using an operating voltage of 500 v/cm. Hall coefficient 
measurements on all crystal preparations confirmed that they 
were n-type semiconductors. 


Table 2. Electrical response of cadmium sulphide crystals 


Temp. of Resistance (Q cm) 
preparation Typical crystals Range for all crystals 
ct Dark Photo Dark Photo 
800 4:1 x 107 1-3 x 10* 107-109 107-104 
6-4 x 108 4-3 x 102 
5-9 x 108 4-1 x 103 
900 2-4x 10° 1-3 x 10° 105-108 10°-10° 
57 10532 107 
5-0 x 10° 3-2 x 103 
1000 $2 A0S 1-1<10© 107-108 104-10° 
5=5 x 107) 1-8 << 10° 
1-6) 104) 8-2 x: 10% 
Crystals which showed good photoconduction were 


illuminated with monochromatic radiation from an Optica 
spectrophotometer. Two quantities were measured as a 
function of wavelength, namely the total current, and the 
pulse height produced by individual quanta when amplified 
by an Ekco linear amplifier type 1049B and displayed on a 
cathode-ray oscilloscope (see Fig. 1). Not all the crystals 
exhibited good pulses, or gave pulses of uniform height. 
But in favourable cases, all pulses were of the same amplitude 
for the same wavelength, and the response was such that the 
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40 


Pulse height 
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Pulse height (curve A) and photo current (curve B) 
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0 2000 4000 


Wavelength (A) 


levies, Uc 


crystal could be used as a spectrophotometric device. Fig. 2 
illustrates some of the pulses recorded. 

Figure 1 displays three regions in which photoconduction 
may result. At the peak (5200 A) the quantum energy 
corresponds to one photon of 2-4ev which would be only 
just sufficient to raise one electron from the filled band into 
the conduction band in a stoichiometric cadmium sulphide 
crystal (Kroger et al. 1954). The fact that single pulses of 
large and variable amplitude are obtained in this region 


(a) 
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Pulse height, curve A, and photocurrent, curve B, of a typical cadmium sulphide crystal from the preparation at 
900° c, as a function of the wavelength of monochromatic radiation. tweer : 1 
photometer was used. Points were also obtained at 1-93 A froma radioactive 55Fe source, and at 0-75 A from zirconium 
K x-radiation produced by activation of zirconium foil with a beta active (14C) radioactive source. 
region between 1800 A and 3500 A plotted as a function of energy. 


512 


6000 8000 10000 


Between 1850 A and 8000A the Optica spectro- 


The inset shows the 


between 5200 A and 80004 shows this crystal to contail 
many low-lying impurity levels. Likewise, a voltage pul 
of 3 x 10~* v obtained at 5200 A shows that multiplicatio} 
occurs in the crystal. This is not uncommon. Bube (1955 
for instance, reports a gain of 10* in some cadmium sulphi 
crystals on irradiation. 
In the second region between 4000 A and 5200 A there 

a monotonous increase in pulse height with wavelengt 
This can be correlated with the very large absorptio 


(0) 
Fig. 2. Cathode-ray oscilloscope display of pulses from the crystal used to obtain Fig. 1. 
(a) 4800 A (2-58 ev). This is an untouched photograph of the cathode-ray oscilloscope. 
(b) 55Fe radioactive source (6:4 kev). 
in the journal. The background has therefore been blackened, 
before photographing a second time. 


In both photographs, the full screen sweep corresponds to 10 us. Only half of the screen is shown in Fig. 2(a). 


In this case, the pulses were not of sufficient intensity to produce a good reproductio1 


and the pulses painted with white ink to produce good contrast 
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oefficient of cadmium sulphide below 5200 & which requires 
hat most of the radiation loss occurs near the surface 
Frerichs 1947). By contrast, however, in the third region, 
relow 3600 A, the penetration of the crystal by the radiation 
xecomes increasingly large as the energy increases. The 
tumber of primary electrons formed must also increase as 
he wavelength is decreased, so that at the higher energies 
arger numbers of secondary electrons are produced by 
ollision with neutral cadmium atoms as the primary electrons 
re accelerated under the applied voltage. The role of 
econdary electron production is clearly shown (Kallman 
nd Warminsky 1948) by the very large voltage pulses 
roduced from a particle of high energy and low penetration 
yower (such as an alpha particle). Fig. 1 shows that the 
ulse height for electromagnetic radiation is linear with 
nergy at least from 3-8 to 8-Oev. Whether it is strictly 
roportional to energy over an extended range depends on 
he operating voltage and the dimensions of the crystal, just 
S$ it does with a gas-filled proportional counter. If strictly 
near, the plot of Fig. 1 would extrapolate to zero pulse 
eight at an energy in the region of | ev. This confirms the 
onclusion of the previous paragraph that the crystal contains 
nany low-lying impurity levels. 

Our results demonstrate that (a) the electrical response of 
admium sulphide depends on the energy of the radiation 


IN CADMIUM SULPHIDE 


and the method of preparation, (4) the response to single 
quanta by cadmium sulphide crystals in the region of 5200 A 
involves considerable electron multiplication, and is depen- 
dent on the impurity level, the absorption characteristics and 
other features, and (c) suitably prepared crystals can be used 
as spectrophotometric devices at room temperature. 
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Notes and comments 


New publications of the National Bureau of Standards 


We have received notice of the following new publications 
f the National Bureau of Standards: Atomic Energy Levels 
4 Crystals by John L. Prather, National Bureau of Standards 
Aonograph 19, 84 pages, price 60 cents. This monograph 
‘resents a theoretical study of the sharp line absorption 
pectra of crystals. Corrected Optical Pyrometer Readings 
y E. E. Poland, J. W. Green and J. L. Margrave, National 
sureau of Standards Monograph 30, 74 pages, price 55 cents. 
‘his table can be used to convert the observed temperature 
9 the true temperature, taking into account the effective 
missivity of the material, or conversely to determine the 
ffective emissivity if the true temperature is known. Jdeal 
ras Thermodynamic Functions and Isotope Exchange Functions 
or the Diatomic Hydrides, Deuterides and Tritides by Lester 
faar, Abraham S. Friedman and Charles W. Beckett, 
Jational Bureau of Standards Monograph 20, 271 pages, 
rice $2.75. 

These monographs may be obtained from the Super- 
itendent of Documents, U.S. Government Printing Office, 
Vashington 25, D.C. 
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Canadian Nuclear Technology 


We have received notice of a new Canadian publication, 
Canadian Nuclear Technology, which is published quarterly 
starting from June this year. It will report on significant 
scientific achievement in Canada and throughout the world. 
An editorial advisory board, consisting of senior professional 
men in the nuclear industry, will referee the technical editorial 
content of the journal. Further information may be obtained 
from MacLean-Hunter of Canada, 30 Old Burlington Street, 
London, W.1. 


New British Standards 


The following new British Standards have recently been 
issued: B.S. 3383: 1961. Normal equal-loudness contours 
for pure tones and normal threshold of hearing under free- 
field listening conditions. Price 4s. 6d. B.S. 1828: 1961. 
Reference tables for copper v. constantan thermocouples. 
Price 6s. These may be obtained from the British Standards 
Institution, British Standards House, 2 Park Street, London, 
W.1. 
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Abstract 


The intergranular cohesion of granular masses is investi- 
gated with an apparatus which in principle is a Couette 
viscometer. Rheologically, the granular mass behaves as 
a plastic solid, with the difference that the plastic yield 
point So of a granular mass is a function of the pressure p 
which acts normally on the yielding plane. In an (So, p) 
diagram, a cohesionless mass will be represented by a 
straight line passing through the origin and having a 
limiting slope of 0-193, while a granular mass with 
cohesion will show a lesser slope, the departure from the 
limiting value being a convenient measure of the cohesion. 
Powders which are not free-flowing will be represented in 
the (So, p) diagram by lines, which are not necessarily 
straight, with an intercept on the So axis. 

The cohesion of a few samples of sand of different 
granularity and that of a few other granular masses has 
been measured. 


1. Introduction 


HILE the adhesion of powders and granular masses to 
various surfaces has been the subject of a few investi- 

\ \ gations (Buzagh 1929, Derjagin and Lasarew 1935, 
Patat and Schmid 1960), the other, technically not less 
important, aspect, the cohesion has not been studied syste- 
matically. The ‘free-flow’, ‘dustability’, “dispersability’ or 
‘stickiness’ of a powder are intuitive and technical expressions 
for its behaviour under the influence of cohesive and cohesion- 
like forces; they very rarely lend themselves to quantitative 
description. 

A granular mass is a rather complicated system which is 
defined only by a complete description of the physical nature 
of the grains which form the mass (their strength, elasticity, 
etc.), the form of the grains, the state of the grain surfaces, 
to mention only a few of the most important factors without 
attempting a comprehensive description. The present paper 
is limited to the examination of the cohesion-like inter- 
granular forces on an idealized granular mass. Its properties 
are defined as follows: the mass is a conglomerate of per- 
fectly rigid and—at least under the conditions of the experi- 
ment—unbreakable particles in contact with each other. 
Homogeneous dispersion and a grain form which excludes 
interpenetration, mechanical accretion or occlusion are 
further essential features of the idealized mass. 

In the absence of cohesion, the ideal granular mass behaves 
rheologically as a plastic body (Endersby 1940), but is 
different from an ideally plastic solid (Bingham body) in that 
the plastic yield point of a granular mass is a function of the 
pressure which acts normally on the yielding plane (Benarie 
1960). The main purpose of the present work is to confirm 
experimentally and to explain theoretically the propor- 
tionality between plastic yield point and normal pressure, 
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and to establish the limits within which this proportionalit 
may be considered valid. 

In studying the work required to displace a layer of granule 
mass relative to another layer of the same mass, it is co 
venient to separate the factors which are already known t 
be proportional to the pressure from those which are eithe 
not fully known or for which the above proportionality hz 
not yet been demonstrated. 

The work against the ‘classical’ Coulomb friction (solid-te 
solid friction) is by definition proportional to the pressuré 
the proportionality also exists for the work expended t 
dilate the granular mass (Reynolds 1885) so as to allo 
deformation or displacement. Any experimentally observ 
deviation from proportionality must, therefore, be ascrib 
to some other factor or factors. Cohesion which obvious 
interferes with the relative displacement of the grains of | 
mass may be present in one or more of the following forms 


(a) Structural cohesion, such as, for exampie, the formati 
of chains or other interconnected forms from grains po 
sessing hook-like protrusions. This factor, as stated aboy 
is not included in the definition of the ideal granular mass. 

(b) Homogeneous bonding, in form of the Londo 
van der Waals forces (Bradley 1932). This is the cohesi 
resulting from the surface energy acting among solid particl 
of the same material. 

(c) Heterogeneous bonding, ascribed to the adsorbed 
otherwise bound layer of gas or liquid on the grains. Th 
effect is practically always present. Intergranular layers 
liquid will not only affect cohesion, they even may transforr} 
the solid-to-solid friction (which is independent of th 
velocity gradient) into viscous friction, which is a functio! 
of the velocity gradient. 


It is possible that other lesser known or less importar 
forces also counteract the displacement of one layer of 
granular mass relative to the neighbouring layer. In th 
following discussion, therefore, the expression ‘cohesion-lik 
force’ will be used instead of ‘cohesion’ for the whole grou! 
of factors which counteract the deformation of a granula 
mass and are not directly proportional to the pressure. 


2. Apparatus 


The apparatus used was, in principle, a Couette viscc 
meter. The plastic yield point of the granular mass wa 
determined by rotating an appropriately surfaced cylinde 
immersed in the granular mass and measuring the torqu 
needed for the rotation. The cylinder surface must permi 
the formation of a boundary layer adherent to the cylinder 
thus permitting the measurement of the intergranular frictio: 
in the mass. 

Instead of a rotating cylinder, a plane could be use 
provided that the plane retains an immobile boundary layer 
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it is slowly inclined until a part of the granular layer begins 
to slide. However, this experimental array, used for the 
determination of adhesion of powders to solid surfaces by 
Cremer ef al. (1952) and Patat and Schmid (1960), has not 
been adopted in the present study because (a) we attempted 
to determine the cohesion under controlled conditions of 
relative movement and not only at the discontinuity as the 
movement begins, (b) the packing condition of the powder 
poured on to the plane is not well defined nor easily 
measured, and (c) the method of the inclined plane does not 
lend itself to experimentation under widely variable pressures. 

Three forms of rotors were used for the measurement of 
the torque caused by friction, the section through two of 
them being shown in Fig. 1. The third rotor was a simple 
brass cylinder, coated with an adherent layer of emery cloth 
of the desired coarseness. 


My, Cay 


a 
A B 


Fig. 1. Section through the rotors. 

' The form of the functional dependence of the torque on 
granularity, pressure and other variables is independent of 
the type of rotor, provided that an adherent layer is present 
on the rotor. The absolute values of the torque are different 
when measured with rotors of different type, but equal dia- 
meter, because of the different thickness of the adhering layer. 
The diameter of the rotor plus twice the thickness of the 
adhering layer is called the effective diameter dg; it can 
2asily be measured by means of callipers, the rotor being 
half immersed. The accuracy obtained is to +0-02 cm. 

| Table 1 presents a comparison between the real and 
effective diameters of the rotors as measured in sand of 
45-50 mesh. The last line shows the effective diameters as 
calculated from the mean of all torque measurements made 
during the present work in sand of 45-50 mesh. For the 
calculation, the effective diameter of rotor No. 1 was chosen 
as an arbitrary unit. 


Table 1. Comparison between the real and effective diameters 
| of the rotors in use 
Rotor No. 1 Rotor No.2. Rotor No. 3 
A (Fig. 1) ——-B (Fig. 1) 

Real external diameter 32-0 mm 32:0mm 33:2 mm 
Measured effective  dia- 

meter 34:0 mm 38:°6mm 40:6 mm 
Effective diameter, cal- 
culated from torque 
- measurements taking the 
| effective diameter of 

rotor No. 1 as unity 1:00 ihoutsy 1-20 


The rotor revolves in the granular mass; angular velocities 
from 1 rev/min to 10 rev/min may be applied, using a gear- 
box between the motor and the rotor. The torque is measured 
by the torsion of a piece of latex tubing. 

By frequent recalibration with known weights the precision 
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and reproducibility of this rather primitive device was 
maintained better by a factor of at least five than would 
usually have been the case with such materials which are so 
inhomogeneous and whose packing is so ill-defined. The 
error of the calibration was less than +10gcm, while the 
deviation of any single torque measurement from the mean 
obtained in the same conditions was often +100 g cm. 

The torque values used for the computation of the cohesion- 
like forces in the granular mass are always the equilibrium 
torques, 7,,, measured after attaining constant and repro- 
ducible packing density in the material. If the granular 
material is poured slowly into the container and over the 
rotor, the starting torque has a low initial value and rises 
exponentially until 7,, is attained. As containers, standard 
Pyrex beakers of 31. (about 15 cm diameter and 20 cm high) 
were used. It is thought that beakers of these dimensions 
practically eliminate any wall effect of the container. 

If the beaker containing the granular material, with the 
rotor in place, is shaken well (e.g. on a sieve shaker) before 
the torque measurement, thus obtaining the greatest prac- 
tically attainable packing density (p = 1-68 g/cm? in case 
of the quartz sand used, as against p = 1-50 g/cm? in the 
case of the same sand in ‘poured’ condition), the starting 
torque has high values and diminishes exponentially until, 
with the same material, the same 7., is attained as previously. 
This behaviour is graphically illustrated by Fig. 2. 


ae 


A 
B 
ot —— = NS SS ee 
10 20 30 40 50 
wt 


i) 
is} 
T 


T(arbitrary units) 


4 


Fig. 2. An example of the asymptotic approach to the 

equilibrium torque 7. Torque against time representation. 

Curve A, (7 — 14)/26 = exp(—O0-081 mt); curve B, 

(14 — T)/14 = exp (— 0:051@t); m = 3 rev/min, tin minutes. 
Sand 50-70 mesh. -+ Experimental points. 


An empirical dependence of the torque on the duration 
of the experiment, with low density (dilated) as well as with 
high density (settled) material can be satisfactorily represented 
by the relation: 


|T — Tool /|To — To| = exp (—kwr) 


where T is the torque at any time, Ty the torque at the 
beginning of the experiment and T7,, the equilibrium torque 
attained after a very long time, & is an apparatus constant, 
depending on the diameter and surface condition of the rotor, 
w the angular velocity and ¢ the duration of the experiment. 
This relationship was satisfactorily verified withevery granular 
mass used and for any angular velocity between 1 and 
10 rev/min. In a limited measure, the relationship can also 
be used to find 7, by extrapolation. This was especially the 
case with the lowest angular velocities, as at 1 rev/min, 7,, 
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was attained only after twenty or more hours of rotation. In 
these cases, T,, was extrapolated from the readings made 
during the first few hours of experiment, and then the 
apparatus left unattended for several more hours, when 
confirmatory readings were taken. 

The assumption that the measured equilibrium torques 
are characteristic of the density is substantiated by the fact 
that the rotation may be suspended for several hours (longer 
rest periods than 96 hours were not tried), either before or 
after arriving at the asymptotical value of torque without 
any change in the torque value before or after the stoppage. 
The curve representing the variation of T with rt can be 
traced without any discontinuity, when f represents the 
duration of the actual rotation of the rotor. The interrup- 
tions, even when more than one, may be disregarded. Even 
interruptions lasting a multiple of ¢ are without any influence 
on the result. 


3. Theory 


The theoretical question is how to evaluate the pressure 
which acts normally on the plane of failure in the granular 
mass. Since in the Couette-type apparatus the yielding plane 
is the mantle of a vertical cylinder, we are interested mainly 
in the horizontal pressure. According to Rankine (1856), 
the horizontal pressure p, is proportional to the vertical 
pressure p, as shown by the relation: 


Ph = Py = Rp, 


where ¢ is the angle of repose of the material. The experi- 
mental verification of the proportionality shown by Rankine’s 
relation was one of the main objects of the present paper. 

The fact that the torque was independent of the angular 
velocity was experimentally ascertained-in a large number of 
experiments; thus the flow line at any given pressure is a 
straight line parallel to the shear rate axis. The magnitude 
of the intercept on the shear stress axis, in the case of a non- 
cohesive mass, is proportional to the pressure. From this 
form of shear rate-shear stress curve it follows directly that 
the flow of sand through capillary tubes most be largely 
independent of the head, as was found by Bingham and 
Wikoff (1931). 

From the theory of the rotating cylinder instrument it 
follows (Reiner 1949) that, in general, the torque—angular 
velocity diagram must have the same form as the shear rate— 
shear stress diagram. As in the case of an ideal granular 
mass the torque is independent of angular velocity, the 
graph will be represented by a line parallel to the angular 
velocity axis, the intercept on the torque axis being 27rd?,LSo, 
where L is the height of the cylinder and Sp the plastic yield 
stress. 

The torque caused by friction on the rotating cylinder is 
given by the effective surface of the cylinder 7d._¢L, multiplied 
by the mean pressure acting on the cylinder Rup(4L + h), 
where R is the supposed proportionality factor between 
vertical and horizontal pressures, jz the coefficient of self- 
friction of the granular mass p its specific gravity and h the 
height of the mass above the upper rim of the rotating cylinder, 
and further multiplied by the effective radius 4der. 


T = 47puRpd3Z,LGL + h) (1a) 
or S| aoc [ReGL + h)] (1b) 
o=— = t n)]. 

lary b ee 


The torque and the plastic yield stress are then proportional 
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to the mean pressure, the latter being the expression speed 
in the square brackets. Pow’ 
jz the friction coefficient of the granular mass is given G 


pe = tan d. Let us suppose that | 
mg sin d = py (mg cos ¢ + C) | 


where m is the mean mass of a grain, g the acceleration 
gravity, #4, and C constants, the latter accounting for t 
intergranular cohesion-like forces. This equation was us 
by Derjagin and Lasarew (1935) to express the adhesion ¢ 
mineral powders to different surfaces. 

From Egn (2), 


mg cos 


mg sin 
fn et | 
Zcosd + C 


M1 mg cosé + C 


In the case of positive attraction among the grains—} 
cohesion-like forces—C is positive and w>p,. If thi 
cohesion-like forces are tending to zero, C < mg cos d any 
ts em as | 

If cohesion-like forces are present yz should be replace 
by p, in Eqn (1): 


hes 
7d 2,1 


oe mg cos & ; 
Eng cos b <r CRPGL m7) (le 


So 


and the slope of the line representing Sp against the pressur 
is smaller than in the absence of cohesion-like forces. 


pits _sing (1 —sin 4) 
md2,pL4L +h) cosd (1 +sin dg) 


If for a granular mass the validity of Eqn (3) (which 
only the explicit form of Eqn (14)) is verified, then the ma: 
is ideal and cohesion-like forces are absent. If experiment 
evidence shows that the right hand side of Eqn (3) has t 
be multiplied by a factor, f = mg cos ¢/(mg cos d + C) t 
account for the facts, an inter-grain cohesion-like force i 
present, which amounts to 


ets 


C = mg cos ¢ 


for a grain of mass m. 

When a monodispersed granular mass is behaving ideall 
one would expect that following the definition given in th 
Introduction, every grain has the same mean number o 
contact points with other grains (as, for example, sphere 
have in a given regular arrangement), and each contact poin 
contributes equally to the total cohesion. By this roug 
idealization (arrived at mainly by neglecting the fact tha 
cohesion will depend also on the curvature of the surfaces z 
contact) one is led to the conclusion that the cohesion o 
each grain is independent of the grain dimensions. If these 
assumptions were strictly true, the factor (1 — f)/f would be 
independent of the grain dimensions. Actually the cohesion- 
like force as expressed by C is a characteristic of the materia’ 
and depends on the form, distribution and dimension of the 
grains and has to be experimentally measured for eact 
material. 

Given that in the present determination of the cohesion-liké 
force, the stress of the granular mass is mainly due to shear— 
although some grain translation and rotation also take: 
place—the constant C is a characteristic for the shearing 
behaviour of the mass. 

Following Eqn (1c), the idealized behaviour of the granula: 


mass can be schematically represented in an (So, p) diagram 
as shown in Fig. 3. 


VoL. 12, SEPTEMBER 1961 


RHEOLOGY OF GRANULAR MATERIAL 


The greatest possible numerical value of tan « (the slope 
‘Orresponding to Sy = apy) is 0-193, because 


a = ftan d (1 — sin g)/(1 + sin ¢) 


ind in the absence of cohesion f is equal to unity; the 
unction representing « has a maximum at ¢ = 30°. 

If intergranular cohesion is present, the behaviour of the 
nass will be represented by a line B in Fig. 3, with «’ < «. 


So 


is) 


_ Fig. 3. Schematic representation of the yield stress So against 
pressure p: A, cohesionless mass; B, cohesive but free-flowing 
_ mass; C, sticky, i.e. not free-flowing powder; D, Bingham body. 


In the course of the present investigation it was repeatedly 
established that granular masses which possess an intercept 
yn the Sp axis cease to be free-flowing. Inversely, the presence 
»r absence of an intercept on the Sp axis may be considered 
iS a quantitative measure of the ‘free-flow’ of a granular 
nass. 

| The representation of a Bingham body in Fig. 3 would be 
he straight line D, which is parallel to the pressure axis. 
This relation explains why it is insufficient to consider a 
zranular mass simply as a plastic body. While a Bingham body 
‘s represented by the usual rheological model of friction 
slement, this is insufficient for the granular mass, which can 
only be represented by a model containing a new element, the 
oressure dependent friction (Benarie 1960). 

| 


4. Results 


_ The main difficulty in the course of the measurements 
was caused by the settling and the dilatation of the material. 
Settling causes the formation of a depression, while dilatation 
sauses the appearance of a ridge over the rotor rim. The 
jepression has to be carefully filled in by pouring some more 
material into it; the ridge has to be smoothed, before signi- 
icant pressure head (height) measurement can be made over 
the rotor. The determination of the height of the granular 
mass over the rotor was made repeatedly (5 to 10 times) for 
2ach T., value, and the mean was taken. The end correction 
‘or the rotor was empirically established by rotating a thin 
0-2 mm) rotor of the same material and finish as the rotors 
used for the measurements. This correction did not amount 
in any case to more than 2% of the measured torque. 

Figure 4 is a typical representation of the results, showing 
the dependence of the torque on pressure and grain size for 
a dry sand (mainly quartz) of well rounded grain, measured 
in air. One also obtains straight lines, but with other slopes, 
when the same sand is measured in vacuo (50 w Hg pressure, 
over phosphorus pentoxide). 
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Fig. 4. Determination of the yield stress of dry sand of 
different granularity in function of the pressure; mesh: 
A, 45-50; B, 50-70; C, 100-120; D, 70-100, E, 120-140. 


The same sand was coated with paraffin oil by rinsing the 
sand with a 0-1°% solution of S.A.E. 30 oil in petrol and air- 
drying. Table 2 shows, that while the cohesion of the 


Table 2. Cohesion factor {(1-f)/f} of sand in function of grain 


size 
Mesh 45-50 50-70 70-100 100-120 120-140 
Dry sand in air 0-16 0:43 0:54 0-47 0°67 
Dry sand in vacuo Doli ssi (Wei) Wes) Opty 
Sand, oil coated eS These) asi) Bos Bed 


material in vacuo is slightly larger, but has the same dependence 
on the grain size as the cohesion in air, the cohesion of the 
oil-coated material is significantly greater. 

If the oil film on the grains (as computed from the oil 
weight per surface of sand) is thicker than 100 A (the thickness 
of the oil film being considered uniform over the grain 
surface) the behaviour of the mass follows line C in Fig. 3 
and, at the same time, the sand ceases to flow from a funnel 
with 3mm opening although, macroscopically, one would 
call the sand ‘dry sand’. If the oil coating wets the material 
so as to give the macroscopic impression of a wet sand, the 
torque becomes velocity dependent and the behaviour of the 
mass more complicated as viscous friction occurs between 
the grains. The behaviour of systems with viscous friction 
will be the subject of further study. 

Carborundum from 40 to 120 mesh was also measured and 
found to be practically devoid of cohesion (f > 0:97). 
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Notes and Comments 


Conference on Imperfections in Crystals 


The X-ray Analysis Group of The Institute of Physics and 
The Physical Society will hold its Autumn Conference on 
Imperfections in Crystals on 17th-18th November 1961, at 
The Institution of Mechanical Engineers in London. 

The three sessions of the Conference will be devoted to 
the nature of crystal imperfections and of associated dif- 
fraction effects, to experimental methods for studying 
imperfections, and to their influence on the physical pro- 
perties of crystals. Included in the invited speakers will be 
Dr. P. B. Hirsch, F.Inst.P., of the University of Cambridge, 
and Professor F. C. Frank, O.B.E., F.Inst.P., F.R.S., of the 
University of Bristol. 

Correspondence regarding the programme should be 
addressed to the Honorary Conference Secretary, Dr. G. S. 
Parry, A.Inst.P., Department of Chemical Engineering, 
Imperial College of Science and Technology, Prince Consort 
Road, London, S.W.7. 

Enquiries regarding attendance should be addressed to the 
Administration Assistant, The Institute of Physics and The 
Physical Society, 47 Belgrave Square, London, S.W.1. 


Digest of Literature on Dielectrics 


A comprehensive international digest of technical publi- 
cations on the theory and applications of dielectrics and 
related subjects has been prepared and published annually by 
the Digest Committee of the Conference on Electrical Insula- 
tion of the U.S.A. National Research Council. The 1959 
Digest, prepared by a group of 38 experts, covers all aspects 
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Cremer, E., CONRAD, F., and Kraus, T., 1952, Angew. Chens| 
64, 10. } 
DERJAGIN, E., and LAsAREW, W., 1935, Colloid J., Voronezh 
1, 295. 
Enperssy, V. A., 1940, Proc. Amer. Soc. Test. Mater., 44 
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PaTAT, F., and Scumip, W., 1960, Chemie-Ing.-Techn., 32, | 
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of dielectrics and treats the subject from the point of view o 
the physicist, the chemist and the engineer. 

The Digest contains summaries and evaluations of technica 
advances in various phases of the field which were described 
in periodicals and books published in 1959. It consists o} 
twelve chapters, each with an extensive bibliography, on 
different aspects of dielectrics: Instrumentation and measure} 
ments; Tables of dielectric constants, dipole moments and 
dielectric relaxation times; Molecular and ionic interaction 
in dielectrics; Conduction phenomena in solid dielectrics} 
The breakdown of dielectrics; Ferroelectric and piezoelectric 
materials; Magnetic materials; Rubber and plastic insulation 
Insulating films and fibrous materials; Insulating liquids and 
their applications; Solid inorganic insulation; Applications. 


The Digest consists of 421 pages, including a bibliography 
of 2,200 references. The price is $8.00. 


Soviet Astronomy—AJ 


Soviet Astronomy—AJ is a translation beginning with the 
1957 issues of the Astronomicheskii Zhurnal of the USSR 
Academy of Sciences. It appears bimonthly and is published 
by the American Institute of Physics in co-operation with the 
National Science Foundation. The main subjects coverec 
are: astrophysics and radio astronomy; stellar astronomy 
the solar system; satellites, interplanetary medium and geo 
physics; and instrumentation. 

The journal is available from the American Institute of 
Physics, 335 East 45th Street, New York 17, N.Y. The price 
is $27. 
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Abstract 


feasurements have been made of the relative photo- 
ectric quantum efficiency (XA) of SbCs; cathodes of 
1otomultipliers with Pyrex and quartz windows, from 
= 200-650 mp. (A) depends on the window trans- 
ittance W(A), the cathode absorbance A(A, d), the 
solute photoelectric quantum efficiency Q(X) and the 
1otoelectron escape probability f(A, d). Comparison 
ith other data has allowed the separation of these factors, 
elding inter alia the absorption spectrum of SbCs; down 
' X = 220 mp, and the absolute photoelectric threshold 
ive Q(A) plotted against X._ The optimum thickness for 
thin cathode is d= 200A. Errors in other published 
uta are noted, and methods of increasing (A) and of 
aproving scintillation detectors are discussed. 


1. Introduction 


NTIMONY-—CAESIUM (SbCs;) is widely used as the cathode 
material of photomultiplier tubes and other photo- 
electric devices. It has a high photoelectric efficiency 
id low thermionic emission (dark noise) and it is sensitive 
' the blue-green region of the spectrum. 

‘Photomultiplier tubes with thin SbCs, cathodes deposited 
1 glass windows are commonly used in scintillation detectors. 
he S 11 spectral response of this particular cathode arrange- 
‘ent has strongly influenced the choice and design of scintilla- 
rr systems to date. For example, secondary solutes are 
troduced into liquid and plastic organic solution scintillators 
ainly to shift the solute emission spectrum from the near 
‘tra-violet into the blue-green to match the S 11 response. 
1 a similar manner gas scintillators, which emit in the 
‘tra-violet, are used in conjunction with ‘wavelength- 
iifters, such as crystalline p-quaterphenyl, which absorb the 
‘mary emission and re-emit it in the blue-green. The 
1oice of thallium as the impurity activator in the alkali 
alide crystal scintillators appears to be based mainly on the 
‘ct that its emission spectrum matches the S 11 response, 
ace little attention has been paid to alternative activators. 
\Although data relevant to the photoelectric spectral 
sponse of SbCs; have been published by several observers, 
/ere are various discrepancies and errors among these data, 
id the factors which determine the spectral response do not 
ypear to have been fully appreciated. In the present study 
easurements have been made of the relative photoelectric 
aantum efficiency 7(A), over a range of wavelength m\ from 
10 mp to 650 my, of the SbCs; cathodes of three commercial 
iotomultipliers with Pyrex glass and fused quartz windows. 
, conjunction with other data, these have enabled the factors 
fluencing the spectral response to be determined. 


2. Experimental 


The exit beam from a Unicam SP 500 spectrophotometer 
‘ovided a monochromatic (bandwidth <1 my) light flux, 
hydrogen discharge lamp being used as a source for 
= 200-370 mp, and a_ tungsten filament lamp _ for 
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X = 350-600 mu. In order to measure the output from the 
monochromator a 2-5 cm cubical cell of Spectrosil (Thermal 
Syndicate Ltd.) containing an integrating fluorescent solution 
was placed adjacent to the exit slit, and observed directly by 
the photomultiplier, which was mounted with its axis along 
the beam direction, and operated from a stabilized power 
supply. The cathode aperture was limited to 1 cm diameter 
to exclude any scattered light. The photomultiplier output 
current J)(A), which did not normally exceed 3 A and was 
stable to within 3 na, was measured, the appropriate small 
correction being made for the dark current. J)(A), which is 
proportional to the relative quantum intensity of the exit 
beam, was observed as a function of A, using appropriate 
integrating solutions. The direct response current J(A) of 
the photomultiplier was similarly measured as a function of A, 
with the Spectrosil cell, empty and clean, mounted in its 
previous position. The relative photoelectric quantum 
efficiency 7(A) of the system was evaluated from the ratio 


(A) =1A)/1(). (1) 


To function satisfactorily as an integrating solution, a 
solution must have a constant fluorescence quantum efficiency 
over the range of A for which it is used, its absorption 
coefficient must be sufficiently high that the incident light is 
absorbed in a thin surface layer so that the optical geometry 
is substantially independent of A, and it must be resistant to 
chemical or photo-induced changes. For A = 200-370 mu 
a 10-2 M solution of 1-dimethyl-aminonaphthalene 7 sodium 
sulphonate in distilled water was used, as proposed by Teale 
and Weber (1957) and further tested by Birks and Kuchela 
(1961), and this gave reliable and consistent results. For 
X = 350-650 mu a 5 x 10-7M solution of Rhodamine B 
in ethylene glycol was used. The observed variation of 
I,(A) with A using this solution agreed closely with that 


i 
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or 
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Eg 
$5 
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Fig. 1. Relative (7(A)) and technical (7(A)) photoelectric 


quantum efficiences plotted against wavelength A. Curve A, 
9514B (Pyrex, 44mm cathode); curve B, 6255S (quartz, 
44 mm cathode); curve C, 6256B (quartz, 10 mm cathode). 
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derived from the colour temperature of the tungsten-filament 
lamp. 

Three integrating solutions proposed by Weber and Teale 
(1958), namely 10-2M eosin in 0-1NNaOH, 10-7M 
fluorescein in 0-1NNaOH, and 10~-?M fluorescein in 
N HCI, proved unsuitable since their quantum yield remained 
constant only over a limited range of A, probably due to 
dimerization effects. 

The measurements of (A) against A for three typical E.M.I. 
photomultipliers are plotted in Fig. 1. Each of the tubes 
has a thin SbCs; cathode, with a nominal luminous sensitivity 
of 50 pa/Im. In type 9514B the cathode is of 44mm 
diameter and is deposited on a 1-5 mm thick Pyrex glass 
window. In types 6255S and 6256 B the cathodes are of 
44mm and 10 mm diameter respectively and are deposited 
on 1-5 mm thick fused quartz windows. 

Within the limits of experimental accuracy, 7(A) was 
observed to be independent of the potential V applied to the 
photomultiplier, for V = 900-1800 v, which corresponds to 
the normal range of operating potentials. 


3. Analysis of results 


The technical photoelectric quantum efficiency nA) of a 
window-cathode system is defined as the fraction of photons 
of wavelength A incident on the window which lead to the 
emission of an electron from the cathode into the multiplier 
dynode system. (A) is determined by three factors: 


(i) the transmittance of the window W(A, 1), which 
depends on the transmission spectrum of the window material 
and on its thickness f; 

(ii) the absorbance of the cathode A(A, d), which depends 
on the absorption spectrum of the cathode material and on 
its thickness d; and 

(iii) the cathode photoelectric quantum efficiency Q(A, d, F), 
defined as the fraction of photons of wavelength A absorbed 
by the cathode which lead to the emission of an electron. 


Since Q depends on the ability of a photoelectron to escape 
from the cathode, it will be a function of d and of the electric 
field E at the cathode surface. In discussing the present 
results, E will not be considered, since the observed inde- 
pendence of 7(A) and V indicates that Q is insensitive to E at 
the low fields (~50 v/cm) employed. 

W determines the fraction of incident photons that pene- 
trate to the cathode, A the fraction of these which are absorbed 
by the cathode, and Q the fraction of the latter which lead 
to electron emission, so that 


7(A), the quantity observed, is proportional to 7,(A). 

The transmittance spectra, W(A) against A, of Pyrex glass 
and fused quartz for t = 1-5mm are plotted in Fig. 2. 
Comparison with the observations of nA) in the short-wave 
cut-off regions (Fig. 1) shows that in these regions 7(A) is 
simply determined by W(A), while AQ remains substantially 
constant. At longer wavelengths W(A) is independent of A 
and does not therefore influence (A). 

Spicer (1958) has presented mean data, from the work of 
previous observers, on the optical absorption coefficient of 
SbCs; at A = 350-700 my, and these are plotted in Fig. 3, 
curve A. Spicer has also observed the absolute photo- 
emissive yield AQ of SbCs3 cathodes of different thickness d 
at A = 320-650 mu. Our results agree closely with his for 
d = 200 A, and this value has therefore been taken as the 
thickness of the cathodes studied. Comparison with Spicer’s 
data also enables our values of 7(A) to be normalized to 


(2) 
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absolute values (electrons/photon) of 7,(A). These valu 
are shown on the right-hand ordinate scale of Fig. 1. 

For d = 200 A, A(A) has been evaluated from the absor 
tion spectrum (Fig. 3) for A = 350-650 mp, and the valu 
of Q(A) have been obtained from Fig. 1 and Eqn (2). Valu 


~ 250 300 350 


dA Cmp) 


Fig. 2. Transmittance W(A) plotted against wavelength A for: 
t=1-5mm of A, fused quartz window, B, Pyrex glass} 
window. 


200 


of Q(A) for d = 400A have been similarly evaluated fro) 
Spicer’s results, and Q(A) is plotted against A in Fig. | 
curves Band C. It is found that Q is practically independe 
of A for A = 390-320 mp. 

On the assumption that Q remains substantially indepe 
dent of A for A = 350-220 mp, the values of A(A) f 
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Fig. 3. Absorption spectra of SbCs3. Curve A, A = 350-700 m 
(Spicer 1958); curve B, A = 220-350 my (from present results) 


d = 200 A have been evaluated from Fig. 1 and Eqn (2). TH 
absorption spectrum of SbCs; tor A = 350-220 mp thu 
obtained is shown in Fig. 3, curve B. 

Spicer has measured AQ against A for d = 200, 400, 8 
and 1100 A. His values of AQ against d at X = 350 my, t 
corresponding values of A obtained from the absorpti 
spectrum (Fig. 3), and the derived values of Q are plott 
in Fig. 5. | 

The curve of Q against d has been extrapolated to Qos 
d = 0, where 


O(, d, E) = QoS, d, E). ( 


f(A, d, E) represents the electron “escape probability’ whi 


decreases rapidly, from unity at d= 0, with increasing ‘ 
| 
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nd Q)(A) is the absolute photoelectric efficiency of the 
ithode material. Spicer’s data have been analysed and 
xtrapolated to d=0 in a similar manner for A = 320-650 mp, 
nd the values of Qy thus obtained are plotted against A in 
‘ig. 4, curve A. 
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i Fig. 4. Cathode photoelectric quantum efficiency Q(A) plotted 
against wavelength. Curve A, Qo(A), d = 0 (extrapolated); 
curve B, Q(A), d = 200 A; curve C, Q(A), d = 400 A. 


4. Discussion 


4.1. Comparison with other data 


The SbCs; cathode deposited on Pyrex glass has the 
“sponse designated S11. The spectral response data for 
lis type of cathode published by the manufacturers differ 
iarkedly from the present results. In the original E.M.I. 
ata sheets (up to 1958) the response was plotted in terms of 
lative sensitivity S(A), for equal energies of incident light 
. each wavelength, so that S(A)ocAn(A). (A) from the 
.M.I. data is compared with the present results in the Table. 


S 11 spectral response data 


0”) nr) 
(present results) (E.M.I. data) 


640 0 0-05 
600 0-07 0-14 
560 0-30 0-41 
520 0-50 0-70 
450 0-65 0-85 
440 0:76 0-96 
400 0-96 0-93 
350 0-98 0-69 
360 1-00 0-50 
340 0-94 0-33 
320 0-69 0-13 
300 0-16 0 


While the difference from A = 640-400 my may be partly 
1e to differences between the photocathode thicknesses 
sidered, the E.M.I. data at A< 400 mp are almost 
rtainly incorrect, since 7(A) in this region has been shown 
be determined by W(A) (Fig. 2). This spectral region is 
particular importance in organic scintillator design, since 
any organic fluors emit in this region. 

Sharpe and Thomson (1958) have published similar 
sponse data to the manufacturers, except that the ordinate 
their graphs is marked ‘quantum efficiency’ instead of 
r), which is the quantity plotted. This error is introduced 
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into more recent issues of the manufacturers’ data sheets 
(1959-60) in which curves similar to their original ones are 
given, but with the ordinate marked ‘quantum efficiency’. 
The error is also reproduced by Braddick (1960), quoting 
data from the same source. 

The SbCs; cathode deposited on fused quartz has the 
response designated S13. The measurements on the S 11 
and S 13 responses (Fig. 1) are in excellent agreement with 
those on R.C.A. photomultipliers with similar cathodes 
(Dunkelman and Lock 1951, Engstrom, Stoudenheimer and 
Glover 1952, Maron 1955, Swank, Buck, Hayes and Ott 1958, 
Engstrom and Matheson 1960), when allowance is made for 
slight differences in cathode thickness and uniformity between 
individual tubes, which modify the response curves mainly in 
the region from A = 400-650 mp. Slight differences of this 
nature are seen in Fig. 1 for the three tubes studied, and 
Engstrom, Stoudenheimer and Glover (1952) have reported 
on the extreme variations observed in the production testing 
of R.C.A. photomultipliers. 

The cut-off of the S 13 response at short wavelengths is 
determined by the transmittance spectrum of the window. 
Dunkelman and Lock (1951) have observed that 7(A) is 
reduced to 10% of its 220 my value at A = 185 my for an 
R.C.A. 1 P28 photomultiplier with a thin Corning 9741 high 
silica glass envelope, and at A = 170 my for a similar tube 
with a quartz envelope. The present results indicate that the 
corresponding cut-off for E.M.I. quartz-windowed tubes is at 
A = 195 my, the higher value being due to the increased 
window thickness and the inferior transparency of the quartz 
used. The statement by Sharpe and Thomson (1958) that 
these tubes cut off at A = 160 my is incorrect. 

Most observers have presented their data as S(A) against A, 
rather than as 7(A) against A. The latter is to be preferred 
since it is directly related to the performance of the tube as 
a scintillation detector. In particular the latter mode of 
presentation does not obscure the simple but important 
feature, apparently not noticed hitherto, that the photo- 
electric quantum efficiency of a quartz-windowed SbCs3 
cathode is nearly independent of A for A = 220-400 mp. 

The luminous sensitivity, expressed in jxA/lumen, which is 
commonly used by manufacturers in rating tubes, bears no 
relation to the use of a photomultiplier for scintillation 
counting, since it ignores the ultra-violet sensitivity and 
includes the red sensitivity. 


4.2. The spectral response 


In the short-wave cut-off region the spectral response of 
the cathode-window system is determined by the transmit- 
tance of the window. The ultra-violet cut-off could be 
extended to shorter wavelengths by the use of thinner 
windows or more transparent materials, e.g. high purity 
fused silica, lithium fluoride, etc. The response of glass- 
windowed tubes at A <350myp will be affected by the 
transparency of the glass used. 

The long-wave response is determined fundamentally by 
Q,(A) (Fig. 4) and is influenced by A(A, d) and f(A, d, E). 
A and f increase and decrease respectively with d, so that the 
cathode peak efficiency 4Q at A = 350 my is a maximum at 
d = 150-250 A (Fig. 5). An increase in d will tend to shift 
the response curve towards longer A, due to an increase in A, 
while it will reduce the technical efficiency. Hence cathodes 
with a peak response at A > 400 my, due to an increase in d, 
will have a reduced efficiency and probably a higher thermionic 
emission than those with d = 200A. It appears from the 
spectral response data given by Engstrom, Stoudenheimer 
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and Glover (1952) on R.C.A. 5819 tubes, that the average 
tube of this type, in 1952, with a peak efficiency atA = 460 mu 


departed considerably from optimum performance. On the 
All 
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Q 
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Fig. 5. Technical efficiency AQ, absorbance A, and cathode 
efficiency Q plotted against cathode thickness d. (A = 350 mw.) 


other hand the responses of the three E.M.I. tubes tested 
appear to correspond to the optimum value of d = 2004, 
evaluated from the R.C.A. Laboratories data of Spicer (1958). 

One method of increasing AQ is to deposit the SbCs, 
cathode on a metal reflector, thus doubling the effective 
‘optical’ value of d and increasing A, without much reducing 
the electron escape probability f£, From Fig. 5 it is estimated 
that for d = 150A, A = 350 mp, A and AQ for such a solid 
cathode will be about 50% greater than for a similar semi- 
transparent cathode. The effect of the increased A will be to 
increase the spectral response at longer wavelengths, apart 
from increasing the technical efficiency. Solid cathodes are 
used in the R.C.A. 1P21 and 1P28 tubes and similar types. 
These have the S4 and S5 responses, which are of the form 
predicted. Although the solid-cathode tube is not to be 
recommended for scintillation spectrometry where uniform 
light collection is required, it is to be preferred to the end- 
window tube for applications concerned with the detection 
of weak collimated light fluxes, because of its higher sensitivity. 

An alternative possible method of increasing QO is to 
increase the electric field E applied at the photocathode 
surface, thereby increasing the electron escape probability 
f(A, d, E) towards unity. An increase in E will probably 
also increase the dark noise. The limit to the value of Q 
obtainable will normally be Qo, unless internal secondary 
emission occurs leading to electron multiplication within the 
cathode. The elementary condition for the latter effect is 
that the mean free path of the incident photon should exceed 
the mean free path of the primary electron for secondary 
emission. Spicer has observed for d= 800A and 11004 
that the curves of AQ against A have unusual maxima at 
A ~ 560 my, and this phenomenon, not previously explained, 
may be due to internal secondary emission which may occur 
due to the high d and relatively low optical absorption. The 
effect merits further study and may be of some practical 
interest in photoelectric devices, provided dark noise does 
not prove excessive. 

Q,(A) is the absolute photoelectric efficiency which is to be 
compared with theoretical analyses of the photoelectric effect, 
the form of the threshold curve being influenced by the 
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Fermi—Dirac distribution. Previous observers have tend 
to consider 7, or AQ as equivalent to Qo in such analyse 
It is of interest to note the parallelism between the curves | 
optical absorption coefficient against A (Fig. 3) and of 
against A (Fig. 4), the latter being displaced towards tl 
ultra-violet relative to the former by about 0-4ev. A clo 
association between the electronic transitions responsil’ 
for optical absorption and photoelectric emission is thi 
indicated. 

4.3. Scintillation counting 

As pointed out in the introduction, the S11 respon) 
has strongly influenced the design and development ¢« 
scintillator systems. The virtues of the S 13 response, i. 
7 > 0-8(7)max for A =210430mp, compared wil 
\ = 330-430 mp, for the S11 response have been large: 
ignored. 

The effect of the use of quartz-windowed photomultiplie 
on the design of organic scintillator systems has been di 
cussed elsewhere (Birks 1961, Paper NE/74, I.A.E.A. Cos 
ference on Nuclear Electronics, Belgrade (May), to E 
published). Inorganic scintillators similarly merit recom 
sideration, with freedom from the restriction of an emissic| 
spectrum which matches the S11 response. Althou 
thallium is an efficient activator of alkali halide crystals li 
Nal, CsI and KI, it is possible that other activators may E 
found which are equally or even more efficient, and may al 
yield systems with reduced scintillation decay times. A pro 
gramme of work is being planned to explore these pos 
bilities. Similarly in studies currently in progress here qi 
gas scintillators it is hoped to eliminate the need for extern 
wavelength-shifters by the use of photomultiplier windo 
transparent to the ultra-violet emission of the gas. 


4.4. Tri-alkali cathodes 


The photoelectric efficiency 7,(A) of the tri-alkali (SoM 
where M is a mixture of two or more alkali metals, such < 
Na and K) cathode is higher than that of SbCs; (Somm 
1955). Similar studies are therefore being made of quart 
windowed tri-alkali cathode photomultipliers. 


Acknowledgments 


One of us (I. H. M.) wishes to acknowledge the tenure 
a D.S.I.R. Research Studentship. 


References 
Birks, J. B., and KUCHELA, K. N., 1961, Proc. Phys. So 
77, 1083. 
BrAppIckK, H. J. J., 1960, Rep. Prog. Phys., 23, 154. 


41, 802. 
EnGstrom, R. W., and MATHESON, R. M., 1960, Instn Rada 
Engrs Trans Nucl. Sci., NS—7, 52. 
ENGSTROM, R. W., STOUDENHEIMER, R. G., 
A. M., 1952, Nucleonics, 10 (4), 58. 
Maron, H. S., 1955, J. Opt. Soc. Amer., 45, 12. 
SHARPE, J., and THOMSON, E. E., 1958, Atoms for Peac 
Conference, Geneva. (CP 154, E.M.I. Electronics Ltd.). 
Sommer, W., 1955, Rev. Sci. Instrum., 26, 725. | 
Spicer, W. E., 1958, Phys. Rev., 112, 114; R.C.A. Rev., 19 
Shek | 
Swank, R. K., Buck, W. L., Hayes, F. N., and Ort, D. C’ 
1958, Rev. Sci. Instrum., 29, 279. | 
TEALE, F. W. J., and Weer, G., 1957, Biochem. J., 65, 47€ 
Weser, G., and TEALE, F. W. J., 1958, Trans Faraday Soc: 
54, 640. 


and GLOVER 


VoL. 12, SEPTEMBER 1961 | 


| 
| 


DORRESPON DENCE 


a Se 


verage kinetic energy of diffusing particles in 


lere is some confusion in the literature of gas discharge 
bes and electron tubes regarding the mean kinetic energy € 
tried by particles with a Maxwellian velocity distribution 
wing under a concentration gradient or small field. Most 
thors take this to be 2kT, whereas the detailed kinetic 
eory of transport processes, as expounded by Chapman and 
ywling (1939) and Hirschfelder, Curtiss and Bird (1954), 
Ows it to be $k7T. The author has traced this custom 
ck to the classical review of Compton and Langmuir 
930)—it may well be of earlier origin. For many kinds of 
s discharge the difference is of little importance since the 
‘ergy involved is relatively small, but it becomes appreciable 
‘certain cases. 

One case of particular interest recently is that of ‘thermionic 
inerators’, in which electrons flow from a hot cathode to a 
‘oler anode across a region of small electrical field. Treat- 
ents by Hernqvist, Kanefsky and Norman (1958), Houston 
959), Nottingham (1959) and others, all take this energy to 
'2 kT, whilst Lewis and Reitz (1960) use 2 kT and £ kT in 
ferent places. It is therefore of interest to investigate this 
crepancy. 

‘The mean kinetic energy per particle € carried across a 
rface normal to the z direction by a group of particles in 
zas with a velocity distribution function f (V) is 


. 


Brn: f V>V,f(V)dV; 


2° [V.fV)d¥ ) 


iere the integrals are to be carried out over all directions in 
locity space, including both hemispheres about the z 
‘ection. In the case of an equilibrium Maxwellian velocity 
stribution 


: 
| f(V) =f°V) = A exp (-BV?), (2) 
rere B = m/2kT and A = (8/7)3/*, and evaluation of (1) 
ves € = 0, by symmetry. The result « = 2 kT is obtained 

considering only those particles with a positive velocity 
mponent V,, i.e. by evaluating the integrals in (1) over one 
misphere only. This gives, on using the symmetry about 
> axis of flow, 


a V> exp SIs mes 1/83 


2 1/26? 


Zkdne (3) 


= 


D4 ioe) 
i V3 exp (—BVdV 
0 


Although this result may be applicable to the effusion of 
rticles from a large body of gas through a small hole, it is 
t valid for particles flowing across a surface within the 
dy of the gas. In this case the integrals in (1) must be 
aluated over all directions in both hemispheres. Since the 
uilibrium Maxwellian distribution gives, as it should, a 
-o result, it is necessary to consider the perturbation in the 
tribution corresponding to the flow. This is done in the 
aeral theory given by Chapman and Cowling (1939) for a 
gle component gas and binary mixtures, by Hirschfelder 
al. (1954) for multicomponent mixtures, and by Marshall 
60) for fully ionized gases, yielding in each case € = 3kT. 
ese all evaluate the theory in a very general form, however, 
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using the elegant Enskog perturbation procedure, and it is 

difficult to trace the origin of the factor $. The following 
considerations illustrate how it arises. 

When there is a flow of particles the Maxwellian distribu- 
tion (2) is modified thus 

LV) =f'(V) =/P9VYL + TV}, (4) 

where the perturbation ¢(V) is not symmetrical in all 

directions as f°(V), but only about the axis of flow. A very 

satisfactory approximation is 

PV) =f/(V—)[1 + Vv], (5) 

where ¢ is a constant; terms involving higher powers of V,, 

or the other components of V, have only a very small effect 


(Present 1958). Using (5) in (1), the first term vanishes by 
symmetry and the remainder reduces to 


| V® exp (—BV?)dV 
m Jo 


2 ee 
| V4 exp (—BV?)dV 
0 


()"fea() <ke. 


which may be compared with (3). Thus the factor = is seen 
to arise as the direct result of the perturbation in the velocity 
distribution. 

The general theories cited show that this is valid under all 
ordinary conditions of flow. Although they only consider 
ordinary gas mixtures, and fully ionized gases in which both 
ions and electrons are at the same temperature, it is evident 
from the above demonstration that the result is not dependent 
on the detailed mechanism of each individual case and it is 
almost certainly applicable also to partially ionized gases and 
to plasmas in which the electron and gas temperatures are 
different. 

Now consider a flow of electrons between a uniform plasma 
region and an electrode. There is normally a space-charge 
sheath immediately in front of the electrode, either accelera- 
ting or retarding to the electron flow, and next to this a region 
of disturbed plasma, in which the electron velocity distribu- 
tion differs from (5) by a greater or lesser degree. (For 
example, if there is a net flow of electrons from the plasma 
into a sheath which accelerates them to a positive electrode, 
there will be no electrons at all moving away from the 
electrode at the very edge of the sheath; the distribution (5) 
will only be established gradually, across the disturbed 
region.) In considering the energy balance of the plasma, 
the flow of energy is required across a surface separating the 
bulk plasma, in which the distribution has the form (5), and 
this disturbed region. The average electron kinetic energy 
contribution to this is, of course, $k7., where 7, is the 
electron temperature, as has been shown; whether the net 
electron flow is to or from the electrode, and whether the 
sheath is accelerating or retarding to this flow, is immaterial. 

In order to determine the energy actually reaching an 
electrode to which, for example, electrons are flowing, if this 


spin 15 
2 168? 
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should be required, a further energy balance across the sheath 
plus disturbed plasma region may be needed. If there is no 
means of energy exchange in this region between the electrons 
and other particles (ions or atoms), the electron contribution 
is simply the algebraic sum of the total potential drop across 
this region and $k7,. In cases where appreciable energy is 
exchanged in collisions or electron-ion interaction processes, 
however, an overall energy balance must be used, including 
the ion energy flux and thermal conduction fluxes across the 
dividing surface. 

It is essential to remember that 7,, in these formulae, is the 
electron temperature in the bulk plasma. If the disturbed 
distribution at the very edge of the sheath can still be 
characterized by an electron temperature, 7, say, this may 
differ from 7; for example, if it is assumed half-Maxwellian, 
there being no electrons returning from the electrode with 
speeds corresponding to those passing to it, then the mean 
energy of the latter will be 2A7,, in accordance with (3). 
Thus, again provided there is no means of energy exchange 
with other particles, 2kT, — eU, = 3kT, — eU, in this case, 
where U, is the potential at the sheath edge and U,, that in the 
bulk plasma, a relation relevant to the determination of 
electron temperatures by Langmuir probes. 


Dislocation etch pits in polished lead telluride 


Although several methods have been described in the litera- 
ture for etching lead telluride it has not previously been 
possible to polish and etch random sections of single crystal 
material satisfactorily. It is comparatively straightforward 
to etch freshly cleaved surfaces and there are two etchants 
available which produce pyramidal etch pits (Coates 19577, 
Houston and Norr 1960). Unfortunately this technique 
suffers from the drawbacks that only (100) surfaces can be 
examined since at ambient temperatures lead telluride cleaves 
along these planes and in cleaving the crystals it is difficult 
to produce a surface which is not interrupted by cleavage 
steps and river patterns. 

Attempts to etch mechanically polished surfaces were only 
partially successful. Lead telluride is so soft (VPN 30) that 
extreme care must be taken to produce a clean surface and 
moreover, there is the risk that the surface has been plastically 
deformed by the polishing action. 

An electrolytic polishing technique (Schmidt 1961) has been 
slightly modified to suit the equipment available in the 
author’s laboratory. The specimen is prepared by polishing 
on a 700 mesh carborundum powder and cleaning with an 
ultrasonic wash in carbon tetrachloride. It is preheated in 
a water bath or oven to about 70° c to reduce thermal shock 
during electro-polishing. The electrolyte consists of 100 ml. 
reagent grade 88% orthophosphoric acid and 10g reagent 
chromic acid. The temperature must be held at 90-105° c 
The specimen is made anodic with a tantalum strip cathode. 
A 6-20 v supply is required to produce a current density of 
about 3 A/cm? (a 12 v accumulator can be used). During 
polishing the specimen must be continuously agitated to 
prevent the deleterious effects of gassing. A time of 4-6 min 
is sufficient to produce a mirror-like finish though macro 
cracks often become evident. These may be caused through 
thermal shock during the electrolytic polishing or through 
growth fissures which are often present. 

Upon removal from the electrolyte the specimen must be 
dipped immediately into alcohol at 70° to suppress the 
formation of tenacious oxide layers. A white scum which 
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Electrolytically polished lead telluride etched with KOH to} 
reveal dislocation etchpits on the (115) face ( x 560) 


forms can be wiped off with cotton wool and the specim 
washed in a jet of cold water. 

Chemical etching must be performed whilst the specim 
is sull fresh. The etchant (Coates 1957+) consists of 10 
KOH (1 g/cm?), 10 vol glycol and 1 vol H,O3. Oxidation 
avoided and the etching is considerably improved if the wha 
apparatus is put into an inert atmosphere during polishir 
and etching. Well defined dislocation etch pits are readi 
revealed and dislocation densities, sub grain structure ar 
deformation patterns may be examined. 
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lectron-optical conditions at Venetian blind type dynodes and their effects in 


10tomultipliers 


the last few years we published a number of papers (Gorlich, 
cohs, Pohl and Schmidt 1957, GoGrlich, Krohs, Pohl and 
olf 1958, Gorlich, Krohs, Pohl, Reichel and Schmidt 1958) 
uich were concerned with the problem of designing electron- 
‘tically efficient photomultipliers for photometry as well as 
intillation spectroscopy. However, we frequently experi- 
ced difficulties in the choice of the most suitable electron 
‘tics possible for the dynode stages; in particular we were 
terested in the question as to whether the employment of 
snetian blind type dynodes would be of special advantage. 
yntrary to several research workers (Sommer and Turk 
50, Eckart 1958) who took the view that Venetian blind 
pe dynodes in photomultipliers belong to the so-called 
ifocused systems, Jennings and Misso (1956) reported that 
structure could be used “‘by taking advantage of the focusing 
operty of the slat structure’ and this incited us to tackle 
is problem once more. 

Investigations of the electron-optical conditions of Venetian 
ind type dynodes by means of the electrolytic trough 
oved that only those secondary electrons which are emitted 
ym a certain part of the slats facing the following dynode 
t into the directly extracting field of the following stage 
f. Fig. 1), while the electrons originating from other parts 


SEA 


Q6 


08 


10 


Fig. 1. Potential relief and electron paths at different angles 
of emergence in conventional Venetian blind type dynodes. 


ach the following dynode only partly or indirectly (reflec- 
yns from the slat or the potential relief above the dynode). 
From a variety of all possible slat angles and proportions 
* covering meshes an optimal efficiency is obtained by a 
mode structure as shown in Fig. 2, where only a wire is 
retched parallel to and between the slats in the plane of the 
mode, the wire being at the same potential as the slats. 

As a result the field of the preceding dynode penetrates this 
rid’ and makes the secondary electrons effective in that it 
ynstrains the electrons in the upper region of the slats to 


VoL. 12, SEPTEMBER 1961 


525 


travel in the direction of the following dynode. In all the 
other cases the secondary electrons released in the upper 
region of the slats are directed on to the following dynode 


10 


Fig. 2. Improved Venetian blind type dynode with enhanced 


electron-optical efficiency. 


only with great delay, or only partly, or are possibly not 
attracted at all. This is demonstrated by the oscillogram 
shown in Fig. 3; here the photocathode of a Venetian blind 
type photomultiplier has been scanned by a light spot at 
right angles to the slat direction. 

The slatted dynode was spaced only 21 mm from the plane 


Fig. 3. Oscillogram of a Venetian blind type photomultiplier; 

the photocathode was scanned by a light spot at right angles 

to the dynode slats arranged in Venetian blind fashion. Photo- 

current Jph amplified by the first dynode as a function of 
releasing point r on the photocathode. 
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photocathode and the potential was chosen sufficiently high 
(450 v) for the electron beam released by the light spot to be 
about 2:5 mm in diameter on the dynode; thus the real 
structure of the dynodes which had a slat distance of approxi- 
mately 3 mm was blurred by a factor of 3-5. The electron- 
optical efficiency of the dynodes may therefore at certain 
points drop to a few per cent. 

The slats make an angle of about 30-40° with the plane 
of the dynode in the case of the multiplier investigated, 
Type V12J1 (Eckart 1958). The slat width is equal to the 
slat distance in the plane of the dynode. In the case of the 
Venetian blind type secondary electron multiplier, Type EMI 
(20th Century Electronics Ltd.) an angle of 35—40° is pre- 
ferred, whereas in the Soviet secondary electron multipliers, 
Types FEU 11-16 preference is given to an angle of 59°. 

From these experimental results two conclusions may be 
drawn for the development of photomultipliers: 


(1) We are fairly confident that the nuclear-spectrometric 
resolution can be improved from a half-width of 7-5% to a 
half-width of 6% or less, if a secondary emission system 


Araldite used for model analysis of composite structures 


Stress analysis in composite models consists of having con- 
tact joints between two materials of different elastic properties 
using a separate adhesive, and in certain cases this would not 
quite satisfy the idealized conditions expected in a joint. 

Consequently a new technique is developed wherein 
Araldite casting resin D or B with and without filler is used 
to represent two materials of different elastic properties used 
in the model. The problem under investigation is stiess 
determination in layered systems in dams and this has been 
undertaken in connection with one of the biggest hydro- 
electric projects in India. 

The model representing the cross section of the dam is to 
consist of two materials of different elastic properties in 
layers one above the other, the ratio of their moduli being 
1:1-:5. In the case of a dam consisting of concrete and 
masonry this ratio is 1:2-:5. It is proposed to determine the 
unknown self-equilibrating stresses that develop at and in the 
neighbourhood of the joint for hydrostatic and gravitational 
forces separately. This needs a joint between two materials 
of high tensile strength. In a homogeneous model, these 
correction or self-equilibrating stresses would be absent. 

Araldite is used for the top portion of the dam model and 
for the lower portion Araldite with silica flour as filler which 
is of higher modulus of elasticity. The procedure is to cast 
the lower portion first and cast the upper one integral with 
the former. 

Experiments were conducted in our laboratory to study the 
effect of two types of fillers on the Young’s modulus of 


Araldite. The results are given in Tables 1 and 2. The 
Table 1. Araldite and silica flour 
% Of filler E 
OY 0-41 x 10° 
100% 0-50 x 10° 
DY, 0:65 x 10° 
NSOVA 0:98 x 10° 


maximum percentage of filler, used in each case in Tables 1 
and 2, indicates the quantity of the filler, which when added 
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were used that would be more ideal than the blind i 
| 


dynode system. 


(2) Venetian blind type multipliers are of no use wh 
measurements are involved calling for a short rise time. | 
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Tabie 2. Araldite and aluminium powder 


% Of filler E 

20% 0-41 x 10° 
30% 0-48 x 10° 
40% 0-62 x 10° 


to the mixture made it so viscous that it settled in the mo 
with considerable difficulty. Since a higher modulus 
elasticity and a more homogeneous material could be achie 
in the case of Araldite with silica flour as filler, it was used 
our experimental models. 

Experiments were also conducted on the strength of 
joint between the two materials and it was found to vary w 
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2 percentage of filler added to the resin. The tensile 
engths given in Table 3 is the maximum bending stress at 
tich the joint failed. 

Table 3. Breaking strength of Araldite with silica flour 


% Of filler Breaking strength 


150% 2220 Ib/in2 
125% 2700 Ib/in? 
100% 3200 lb/in2 


Also it was found that the initial stresses at the joint (which 
jpally should be absent for good results in photo-elasticity) 
re insignificant. In order to achieve high values of E, /E>, 
that the results could be compared to the existing theoretical 
sults (Silverman 1955), a plasticizer, viz., dibutyl phthalate 
is tried in different percentages, and it was found that the 
lues of Young’s moduli could be reduced to as low a value 
| about 900 Ib/in*. But it is not used at present due to 
2 excessive creeping tendencies of the material. 

)Measurements were made with the aid of 4 in. gauge length 
‘ain gauges (see Fig. 1), of the tensile stress at the joint, due 
a concentrated force acting at a specific distance from the 
nt. The results were compared with that of a homo- 
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geneous model. Fig. 2 shows the relationship between the 
difference in the tensile stresses at A in composite and 
homogeneous models, with the distance of the load from the 
location of the joint. It is also interesting to note that the 
difference in tension between homogeneous and composite 
models decreases with the increase in distance between the 
concentrated load and the joints. The presence of excess 
tension in the composite model is comparable to what we can 
guess from the theoretical results of a wedge resting on a 
rigid foundation (Silverman 1955). 

Detailed stress studies are being conducted with the aid of 
photo-elasticity and strain gauges for gravity and hydrostatic 
loading on both homogeneous and composite models. 


I am deeply indebted to Professor N. S. Govinda Rao, for 
the keen interest and constant encouragement given by him 
during this work. 


R. S. ALWAR 
4th July 1961 


Civil Engineering Section, 
Indian Institute of Science, 
Bangalore, 
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Notes and comments 


anual General Meeting of The Institute of Physics and The 
Physical Society 
At the first Annual General Meeting of the amalgamated 
stitute of Physics and The Physical Society held in London 
1 4th July 1961, the following were elected to office: 
President: Sir John Cockcroft; Vice-Presidents: Dr. V. E. 
asslett, Professor R. W. Ditchburn, Dr. W. H. Taylor, and 
r. J. Topping; Honorary Treasurer: Dr. J. Taylor; Honorary 
-cretary: Dr. C. G. Wynne. 
Eight ordinary members of Council were also elected. 
iis, the first elected Council of the amalgamated body, is 
ry nearly the same as the ‘caretaker’ Council which has 
en in office during the first few months of the amalgamated 
dy. 
The report for 1960 which was adopted at the meeting, 
cords that The Physical Society and The Institute of Physics 
ased to exist as separate corporate entities on 5th July 1960, 
it for convenience and completion of the records their 
tivities before amalgamation are included in this report 
th those of the amalgamated body. 
The report records the holding of many conferences, 
mposia and other meetings, many of which were arranged 
the Branches and specialist subject Groups. Details 
out the four scientific periodicals and the other publications 
ned by the Institute and Society or for which it has been 
sponsible are given in the report. 
The report shows that at the end of the year the total 
smbership in all grades was 8720. Of the 193 candidates 
10 took papers in the Graduateship Examination, 63 were 
scessful and of these 27 held university degrees and 35 the 
gher National Certificate in Applied Physics. The number 
candidates taking these examinations has continued to 
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increase rapidly. In 1960, 46 technical colleges presented 
194 candidates for the Ordinary National Certificate in 
Applied Physics and 29 colleges presented 355 candidates for 
the Higher National Certificate. During the year the 
Institute and Society issued a report entitled ‘The Post- 
Graduate Training of Physicists in British Universities’ which 
created a good deal of interest, being referred to with approval 
in the scientific, educational and lay press. 

Among the professional matters referred to in the report 
is the publication of the fifth survey of salaries received by 
members of the professional grades. 

In order to ensure that the work of the Benevolent Fund 
of The Institute of Physics should be continued uninterrupted 
by the amalgamation the Board of that Institute in its final 
meeting appointed the amalgamated body as a Trustee of the 
Fund. During the year, the report states, assistance was 
given in nine cases to members or their dependants who had 
met with misfortune. 


Letters to the Editor 


We should like to draw readers’ attention to the publication 
of Letters to the Editor in this journal. We have arranged 
with our printers to publish letters received up to six weeks 
before the date of publication, provided they are reported 
upon favourably by our referees. For example, items for 
publication in the November issue of the journal should be 
received in the office not later than 20th September. Letters 
from the Continent will be published in French or German 
if necessary to avoid further delay. This also applies to the 
other two journals of The Institute of Physics and The 
Physical Society, i.e. the Proceedings of the Physical Society 
and the Journal of Scientific Instruments. 
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Notes for the Preparation of Papers for the British Journal of 
Applied Physics 


The following instructions refer to the main points which 
have to be considered in the preparation of a paper for publi- 
cation, and authors offering papers to the British Journal of 
Applied Physics for publication are asked to conform to these 
recommendations. 


Manuscripts 

Manuscripts should be typed in double spacing on paper 
not wider than 8 in. and not longer than 13 in. Only one 
side of the paper should be used, and a margin of 1-1} in. 
should be left. As alterations in the text cannot be allowed 
once the paper is set up in type, authors should aim at absolute 
clarity of meaning and of typing, and should check the type- 
script carefully before submission. All manuscripts should 
be submitted in duplicate, and in addition to the fair copies, 
a set of small copies or prints of the diagrams (not larger than 
foolscap) must be attached to each MS. (This enables MSS. 
to be sent to two referees at the same time and so assists rapid 
publication.) 

Abstract. An abstract is printed at the beginning of the 
paper immediately after the title, name(s) of author(s), and 
place of employment of author(s). Two extra copies of the 
‘title and abstract’ page are required for the records. 

Mathematics. It is not necessary to give detailed deriva- 
tions of mathematical expressions and formulae in a published 
paper when the work is straightforward; it is quite sufficient 
to indicate the method of treatment and the final results. 

References. In the text bibliographical references are made 
by giving the name of the author and the year of publication 
in brackets, e.g. (Jones 1942), and details are given in the last 
section, ‘References’, where the references are arranged in 
alphabetical order of authors’ names and in date order for 
each author. 


Drawings 

Drawings should be in Indian ink on tracing cloth, tracing 
paper or white card, with lettering in soft or blue pencil; 
lettering of a size suitable for reduction will be inserted by 
our draughtsman. The drawings should in general be 
sufficiently large to allow of reduction in printing, and the 
lines should therefore be bold; the frame lines of graphs 
should be slightly finer than those of the plotted curves. 

Full details are available in the Institute and Society’s 
“Notes for Authors’, obtainable from the Editor and Deputy 
Secretary, The Institute of Physics and The Physical Society, 
1 Lowther Gardens, Prince Consort Road, London S.W.7. 

Papers for publication in the British Journal of Applied 
Physics should be sent to the Editor and Deputy Secretary at 
the same address. 
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Abstract 


The disadvantages of ceramics based on barium titanate 
has limited many of the possible applications of this type 
of piezoelectric material. The Curie point is low and it is 
inefficient in electromechanical conversion. The discovery 
of the piezoelectric properties of the solid solution ceramics 
based on lead zirconate and lead titanate has stimulated 
increasing interest in transducer design. The paper 
describes the properties and characteristics of this new 
range of materials in terms of their ferroelectric and 
viezoelectric effects. 


Introduction 


ik development and use of piezoelectric ceramic 


materials has been very rapid and covers a period of 
| only about fifteen years. Before their discovery it was 
zenerally accepted that piezoelectricity was an attribute 
‘ound only in single crystals having an intrinsic polar nature, 
such as quartz and rochelle salt. There had been some 
speculation about piezoelectric effects in oriented aggregates 
dut the effects were small and uncertain. 

In early 1940 the extraordinarily high dielectric constant 
na barium titanate oxide ceramic was noted by the staff of 
an American industrial ceramics laboratory (Wainer 1946). 
Peculiar dielectric phenomena were found in this material 
during subsequent work, but it was left to R. B. Gray (1949) 
:o discover that it could be made to exhibit substantial and 
ractically useful piezoelectric effects. 
| The basic property of barium titanate and related com- 
pounds which enables them to behave as piezoelectrics is 
‘erroelectricity. This is the ability of certain crystals of 
electrically polar structure to switch the direction of polarity 
inder the influence of a strong electric field between several 
orystallographically equivalent directions, and to retain their 
1ew orientation after removal of the field. 

In the crystal form of barium titanate the spontaneous 
slectrical polarization may be directed positively or negatively 
along any one of the three cube axes. When barium titanate 
s prepared as a ceramic the individual crystallites have 
sssentially random orientation and the polarity is distributed 
statistically among the several permissible directions and 
senses within each crystal. Regions of uniformly directed 
slectric moment are known as domains. Most ferroelectrics 
ose their polarity and hence their domain structure at a 
sharacteristic temperature, the Curie point. A_ strong 
slectric field such as 20 kv/cm applied to barium titanate 
seramic, preferably at a temperature just below the Curie 
yoint of 120° c, changes the domain pattern and causes a 
yreferential alignment of the polarity in directions including 
he smallest possible angle with the applied field. Before 
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this polarizing process the ceramic as a whole is essentially 
isotropic and not piezoelectrically responsive. After polariz- 
ing there is an overall polarity and it is strongly piezoelectric. 

The microphotograph in Fig. 1 clearly shows the domain 
patterns in barium titanate ceramic. The sample was deeply 


ig 


Fig. 1. Microphotograph of etched barium titanate ceramic. 
etched to bring out the boundaries, the average grain size 
being about 32 microns. 


Lead zirconate—titanate 


While working at the U.S. National Bureau of Standards, 
B. Jaffe noted a Japanese report on the existence of two 
ferroelectric phases in the solid solution lead zirconate— 
titanate (Shirane and Suzuki 1952). This resulted in a study 
of the dielectric and piezoelectric properties of the system. 
Jaffe observed that substantial piezoelectric effects could be 
induced in compositions near the phase boundary separating 
regions of rhombohedral and tetragonal geometry (Jaffe, 
Roth and Marzullo 1954). It will be seen from Fig. 2 that 
piezoelectric activity is confined to a narrow region of solid 
solution ratios and there are pronounced maxima of piezo- 
electric and dielectric constants near the critical compositions. 
They are characterized by Curie points between 300 and 
400° c and show larger piezoelectric effects than barium 
titanate. In analogy to the magnetostrictive case, these 
compositions may be stated to have low anisotropy energy 
and that is probably the reason why they can be polarized 
despite the higher level of ferroelectric crystal distortion. 
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The two constituents of the ceramic are worthy of close 
study as both possess unique electrical properties. Lead 
titanate is ferroelectric with a Curie temperature of about 
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Fig. 2. Variations of parameters with varying ratios of lead 
zirconate and lead titanate. 


F.C., frequency constant; kp, planar coupling coefficient; 
K, relative dielectric constant. 


490° c and there are no lower phase transformations such as 
are found in barium titanate. It possesses interesting 
dielectric properties and should show strong piezoelectric 
effects. However, it is very difficult to prepare as a ceramic 
and the required polarization fields at room temperature are 
very large. Increasing conductivity near the Curie point 
prohibits polarization at higher temperatures. 

Lead zirconate also exhibits interesting dielectric properties 
characterized by a sharp rise to a relative dielectric constant 
of over 300 at the transition point of 200°c. The material 
can be considered as an antiferroelectric as below the transi- 
tion temperature there is an absence of hysteresis and there 
is a linear relationship between field strength and polarization. 
However, at temperatures nearly approaching this value 
small hysteresis loops appear at each end of a linear trace. 
This demonstrates that large fields will cause a transition in 
the crystal from the antiferroelectric to the ferroelectric state. 

The manufacture of lead zirconate-titanate presents certain 
difficulties owing to the low-temperature volatilization of the 
lead constituent. A number of methods of preparation have 
been described, a typical procedure being outlined by Kulcsar 
(1959a). PbO, ZrO, and TiO,, in the correct ratios, are wet- 
mixed by ball milling, dried and then heated at 850° c for a 
few hours in a sealed crucible. The reacted material is then 
dry ground and a suitable binder added. The required 
shape is then pressed in a steel die at a pressure of approxi- 
mately 10000 lb/in?. After being dried the pressings are 
fired in sealed alumina pots containing a PbZrO; pressed 
disk to provide a PbO atmosphere. A firing temperature of 
1280 to 1290°c is used. The fired shapes are ground or 
lapped to dimensions and the requisite surfaces provided with 
fired-on silver electrodes. 


Modified ceramics 


The basic solid solution lead zirconate-titanate possesses 
a number of disadvantages for many piezoelectric applica- 
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tions, particularly a low dielectric constant and a marke 
temperature dependence. As with barium titanate, it ig 
possible to modify many of the piezoelectric and electrica 
characteristics by certain additives, and this has been th 
subject of extensive studies in the United States of America; 
and this country (Kulcsar 1959 a,b, Crawford 1959, Gerso 
1960). These additives need not enter into the solid solution 
and generally constitute only minor chemical variations: 
They result in considerable changes in properties such as 
dielectric constant, mechanical Q and ageing characteristics: 

The most marked changes in performance are produced by 
the addition of small quantities of the oxides of tri or penta: 
valent elements such as lanthanum, neodynium or niobiu 
and the practical exploitation of these additives is found in 
the commercially available material known as LZ-5 or PZT-5} 

The major effects of these elements can be summarized ag 
follows: 

Ageing. All ferroelectric ceramics exhibit some ageing o 
their dielectric and mechanical properties during shelf life 
and also after drastic thermal or electrical excursions. Thé 
ageing of the modified ceramic is however almost an order o 
magnitude smaller than that of the plain ceramic. Figs 3 
and 4 show the frequency constant, dielectric constant an 
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Fig. 3. Ageing effects in unmodified ceramic type LZ-4a. 
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Fig. 4. Ageing effects in modified ceramic type LZ-Sa. 


planar coupling factor in terms of time after polarizing for 
unmodified and modified ceramic. It will be noted that the 
major changes in characteristics occur during the first week 
after polarizing. | 

Internal losses. ‘The mechanical and electrical losses under 
low stress or field encountered in the modified material are: 
considerably higher than in the unmodified ceramic. For 


| 


| 
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example, the dielectric loss angle tan 8 is only about 0-004 
for LZ-4a while LZ-5a has a figure of 0-02. 

Resistivity. The d.c. resistivity of the modified ceramic is 
much higher than the unmodified form. At 200° c the two 
resistivities differ by three orders of magnitude. Fig. 5 
shows typical results for LZ-4a and LZ-Sa over the tempera- 
' ture range of 25 to 300° c. 


Ss 


LZ-5Sa 


ro) 


rc) 
2} 


) 
@ 


Resistivity (Mcm) 


=I 


LZ-4a 


0 50 100 )}=6 150 S's 200) S250 §=6300 =350 
Temperature (°C) 


Fig. 5. Resistivity with temperature for ceramic types LZ-4a 


and LZ-Sa. 


Dielectric and elastic constants. The dielectric constant of 
the modified ceramic is higher, while its elastic stiffness is 
somewhat lower than that of the basic ceramic. This is 
reflected in the lower electrical and mechanical QO factors, 
the latter being about 75 for LZ-5a and 600 for LZ-4a. 

Hysteresis. The modified material exhibits a relatively 
| square hysteresis loop with coercive voltage which is quite 
independent of the applied field. Most ferroelectric ceramics 
show flattened hysteresis loops and usually the measured 
coercive field depends largely on the peak driving field. 
| Generally the dielectric and mechanical properties of the 
ferroelectric crystals below their Curie points are functions 
of the state of polarization and stress. 

A theory due to Devonshire (1954) has been quite successful 
‘in correlating many of the characteristics of the barium 
‘titanate single crystal, but the ceramic is more complicated. 
In a ceramic ferroelectric each crystallite is twinned into 
many polarization domains. The contribution of domain— 
wall motion to the properties is superimposed on the single 
crystal behaviour, and in many of the ceramic modifications 
this domain contribution is of considerable importance. In 
particular it is usually assumed that ageing is due to a gradual 
change in the domain configuration. Electrical hysteresis 
effects, whether in the single crystal or in the ceramic are also 
a characteristic due to domain wall motions. 

Lead zirconate—titanate compositions with the described 
additives show more major differences in hysteresis and 
ageing than those found in the unmodified material. This 
‘may indicate variations in domain wall behaviour. Further- 
‘more, most of the other variants in the modified material can 
be regarded as influenced by domain wall motion. For 
‘example, the high dielectric constants found in ferroelectric 


VoL. 12, OcroBER 1961 


Ey 


ceramics has been considered to be partly due to a limited 
domain wall oscillation, and in the case of 90° domain walls 
will result in increased compliance. Plessner (1956) has 
pointed out that a wall trapped in an unsymmetrical potential 
well will contribute to the power factor as well as to the 
dielectric and elastic susceptibilities. Thus, many of the 
unusual properties of the modified ceramic can be accounted 
for by the assumption that in this material the domain walls 
possess free movement under low alternating electrical or 
mechanical stress, but that the average position of the wall 
with no external stress applied is quite stable. 

A series of experiments have been reported by Gerson 
(1960) to test these hypothesis. The approach used was to 
evaluate the ceramic microscopically and under electrical and 
mechanical excitation. This would tend to reveal domain 
behaviour. In these studies the ceramics used were of an 
unmodified form with the formula Pbo.95Sro.9sZlo-55Tig-4703 
and a modified ceramic PbZro.53Tig.4g0; + 1 wt. % Nb>O3. 
Both these materials exhibit a tetragonal form but may 
contain rhombohedral phases in minor amounts. The 
average dielectric constant for the unpolarized ceramic at 
room temperature is 1100 in the case of unmodified materials 
and 1200 for modified mixes. With polarized ceramics the 
free dielectric constants at 1 kc/s are 1250 parallel to the 
polarizing axes and 1350 perpendicular to this axis for the 
unmodified material while the corresponding values are 1500 
and 1300 for the modified material. These values were 
taken 24 hours after polarizing. Figs 6 and 7 show the 


kp K 
Brush LZ-4a 

0:6 kp 1400 
0-5 
0.4 1300 
OS 
0-2 1200 
01 

1100 

0 20 40 60 80 100 


% Polarizing volts (at 40 kV/cm) 


Influence of polarizing voltage on coupling factor and 
dielectric constant for ceramic type LZ-4a. 


Fig. 6. 


effects of the degree of polarizing on the dielectric constant 
and planar coupling factor. 

Figure 8 shows an electron micrograph of an unpolarized 
modified ceramic and both grain and domain boundaries are 
evident. The series of parallel domain boundaries are walls 
between domains where the polarization vectors are at 90° 
to each other, while the irregular lines within a grain are 
usually 180° walls. In spite of the difference in domain sizes, 
the average being 3 microns, the twinning patterns observed 
are similar to those found in barium titanate (Kulcsar 1956). 
For example, Fig. 9 shows two 180° walls crossing a field of 
90° twinning. This pattern has been previously observed in 
barium titanate. 

In his paper Gerson has proposed a hypothesis for the 
changes in modified lead zirconate-titanate based on the 
relatively high domain wall mobility in response to applied 
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Influence of polarizing voltage on coupling factor and 
dielectric constant for cerainic type LZ-Sa. 


Fig. 8. Electron micrograph of unpoled modified ceramic. 


Fig. 9. Electron micrograph of unpoled modified ceramic 
showing 180° domain reversal in a field of 90° twinning. 


electric fields. The common feature of the low ageing 
materials, both with three and five valent substituents is the 
deliberate introduction into the lattice of materials which do 
not possess the proper valence for the lattice position they 
probably assume. Based on the ionic radii of the elements 
it would be expected that the substitution sites of the additions 
would be lathanum instead of lead and niobium instead of 
titanium and zirconium. The effect of these substitutions is 
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to cause vacancies which maintain the valency balance in the 
lead position. These vacancies, in a material whose ferro- 
electric properties are not destroyed by the disorder they 
introduce, may be expected to have a profound effect or 
domain wall motion under electrical or mechanical stress. 
This is because the elongation of the unit cell in the direction 
of the polarization results in very high local stresses on 
domains which have undergone 90° switching. Thesé 
stresses may be relieved as switching continues, by changes 
in the overall dimensions of the ceramic. The presence of 
vacancies in the crystal minimizes the local stresses and 
enables switching to occur under low electrical or mechanica! 
drive. The explanation of the reduced ageing of the modified 
ceramics as seen in Fig. 4 is that they are unable to store high 
stresses since these are quickly relieved by domain motion. 

Domain wall motion is usually accompanied by hysteresis 
and is inherently a lossy process. Since there is a high 
mobility of the domain walls in modified material it is not 
surprising that under low electrical and mechanical stress 
this ceramic shows an increase in dielectric loss and a low 
mechanical Q. 


Practical ceramics | 


While a large variety of characteristics are possible with 
different modifications of the basic lead zirconate-titanate it 
has been found that initially three types can be standardized 
as possessing the most advantages and the least disadvantages 
for general applications. The comparative properties are 
summarized in the Table. 


Low signal parameters of piezoelectric ceramic compositions 


BaTiO; LZ-4a LZ-Sa LZ- 
Coupling coefficients 
k33 0-50 0-76 0-68 0-54 
= 0-36 0-55 0°54" 10-39 
k3 0-21 0°30" 0-32 550-22 
Piezoelectric strain constants 
(10—-!2C/N) 
d33 190 300 320 191 
d3, —78 —130 —140 —78 
Free dielectric constants 
K; 17005 1200) 1500 RaO7s 
dissipation factor 0-01 0-005 0-02 0-02 
K, 1450 1285 
Electric constants 
(10!°N/m?) 
1/$33 10-5 Sis  Se8) — 
C33P 17-6 13° 
1/S,,F 11-0 6°85 6:8 Sin7, 
Density 
p S°7/ 7:6 ES US 
Propagation velocity (m/s) 
axial C33P/p 5600 4500 4200 —_— 
lateral 1/S;,F.p 4400 3040 3000 3400) 
shear CssE/p 2800 1860 1650 — | 
Mechanical Q (planar) 
On 400 500 US 340. 
Resistivity at 100° c (MQ m) 30 300 10° 400 
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Type LZ-4a has a moderately high dielectric constant and 
resembles barium titanate in its general uses, although 
superior for all of them. It is best suited for use as a driving 
transducer or resonator with a relatively high mechanical Q 
and efficient electromechanical coupling. The ageing effect 
in LZ-4a is very similar to that of barium titanate and so is 
the electrical resistivity at elevated temperatures. Some 
piezoelectric and electrical characteristics are shown in 
Figs 10 and 11 as a function of temperature. 
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Type LZ-4a ceramic piezoelectric characteristics as a 
function of temperature. 
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Fig. 11. Type LZ-4a ceramic electrical characteristics as a 


function of temperature. 


For high power operation of piezoelectric transducers the 
lielectric losses must be low. With a low loaded mechanical 
2 it is obvious that it is necessary to use high driving fields 
o achieve a high stress. Dielectric losses produce heat 
nergy and thus reduce acoustic efficiency. If this heat is 
iot conducted away from the transducer it may cause a 
emperature rise sufficient to destroy polarization in the 
eramic. In most cases the dielectric loss at a given field 
creases with the temperature and the effect rapidly worsens. 
Nith LZ-4a it is possible to drive at a strain amplitude about 
wice as great as with most barium titanate compositions. 
“he high Curie point enables it to be operated safely at levels 
ar above other materials and this also contributes to the 
»ower handling abilities. 

Figure 12 shows the relation between heat power dissipation 
xpressed as internal heating per cubic metre per cycle per 
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second and mechanical strain under non-resonant driving 
conditions. It will be seen that at 200° c the LZ-5a ceramic 
is superior to the unmodified material for low strain ampli- 


tudes. Here the heat losses due to d.c. conductivity make a 
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Fig. 12. Internal heating as a function of mechanical strain 


for LZ ceramics. 


major contribution with LZ-4a. The modified ceramic 
possesses a much lower conductivity at 200° c and is therefore 
not subject to these losses. 

Type LZ-Sa has an even higher coupling coefficient than 
the unmodified material and also possesses a high dielectric 
constant. It is ideally suited for use in gramophone pick-ups, 
accelerometer transducers and other non-resonant conditions 
of operation. The mechanical Q is low in comparison with 
type LZ-4a and thus precludes its use as a driver. Increasing 
dielectric losses at high driving fields develop internal heat 
and the room temperature dielectric loss angle is higher than 


LZ-4a. The ageing effect in this composition is small com- 
pared with other ceramics. Figs 13 and 14 show the piezo- 
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Fig. 13. Type LZ-Sa ceramic piezoelectric characteristics as 


a function of temperature. 
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electric and electrical characteristics of this material over a 
wide temperature range. 

Finally, a type LZ-6 has been developed specifically for 
maximum stability of resonant frequency and is finding 
increasing use as a frequency filter material. The resonant 
frequency is almost independent of time and temperature 
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Fig. 14. Type LZ-5a ceramic electrical characteristics as a 
function of temperature. 
variations. The dielectric constant and coupling coefficients 


are not as great as those of the type LZ-4a and 5a mixes but 
nevertheless the coupling coefficients over the range —60 to 
250° c is higher than that of commercially available barium 
titanate at room temperature. As with the type LZ-Sa 
material LZ-6 has very low ageing but possesses the high Q 
characteristics of LZ-4a. The resonant frequency of stabi- 
lized LZ-6 is constant within +0-15% from —60 to 200° c 
and is virtually unchanged by shelf storage after one week 
from polarizing. 


Conclusions 


The improved characteristics of the lead zirconate-titanate 
ceramics are enabling many new applications to be exploited 
which were not previously possible with barium titanate. 
The very high transverse coupling factor opens up possibilities 
in the design of driving transducers where the relationship of 
the transverse mode to the longitudinal mode can be fully 
utilized. For example, very efficient drivers can be con- 
structed using tubes energized across the wall thickness but 
operating in the length mode. Similarly, the use of thickness 
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polarized but length energized bars has recently been applie: 
in the transverse type piezoelectric voltage transformer 
(Crawford 1960). | 

Apart from acoustic devices certain characteristics of Lz 
ceramics have been exploited in other fields of application 
A recent development uses the high remanent polarizatiot 
for the generation of high voltage by the conversion o 
mechanical force, and practical applications have been founs 
as an ignition system in internal combustion engines. Unti 
the recent work of Jaffe, Gerson and their co-workers it wa 
difficult to understand the relatively complicated processe 
involved in modified ceramics. It has already been possibl 
to forecast performance alterations due to additives and thi 
will give increasing opportunities in the manufacture of : 
piezoelectric ceramic to a desired performance specificatio1 
and thus rapidly widen the scope of application. 
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Abstract 


The electronic structure of alloys involving transition 
elements is complex, but recent studies by various tech- 
niques allow us to discuss the range of validity of certain 
simple concepts. This paper emphasizes the domain of 
validity of the idea of a local atomic spin and points out 
that the collapse of this model is associated with the life- 
times of the spins. When the lifetime becomes very short 
the model is entirely inappropriate. It appears, however, 
to apply to the metals Cr, Mn, Fe, Co, Ni and to their 
alloys with many simple metals. 


HE transition elements in the first long period show 
strong magnetic properties, which are quite unlike 
those of typical metals such as the sodium, magnesium, 
aluminium, copper, zinc and gallium groups. The ferro- 
magnetic trio Fe, Co, Ni have, of course, long been recognized 
as unusual, and since the advent of nuclear reactors to 
provide neutron beams, it has been shown that «-Mn (Shull 
and Wilkinson 1953) and Cr (Bacon 1961) are antiferro- 
magnetic at low temperatures. Atoms in these structures 
dave magnetic moments associated with them which are 
oppositely directed so that no net magnetization is recogniz- 
able. In the ferromagnetic elements it is possible to determine 
whe ratio of magnetic moment to mechanical moment of 
inertia, either by direct means in the Einstein-de Haas 
ixperiment, or by the far more accurate ferromagnetic 
esonance technique (Kittel 1956a). The result indicates that 
pearly all of the magnetism arises from electron spin, and 
scarcely any contribution comes from orbital motion. 

_ Theoretical considerations and comparison with the pro- 
erties of paramagnetic salts of these elements suggest strongly 
‘hat the electron group responsible is the incomplete 3d shell. 
Measurements of the atomic form factor for the magnetic 
en scattering from manganese compounds supports this 
lyith some accuracy (Hastings et al. 1959), and there is no 
feason to doubt that strong magnetism is entirely associated 
lyith the spin of unpaired 3d electrons. The orbital motion 
f the 3d electrons is suppressed by the non-spherical nature 
pf the environment of the atoms (Kittel 1956b), or by the 
»and motion of the electrons (Brooks 1940). 

| The magnetic behaviour of a material containing a high 
lensity of interacting elementary magnets (electron spins) is 
yell understood in qualitative terms. At high temperatures 
‘he spins are randomly oriented in zero field, and when a 
yeak magnetic field is applied they are partially aligned to 
ive a magnetic moment 

pe 
ne 3k(T — ©) 


ps = magnetic moment of elementary magnet 


iyhere 
© = paramagnetic Curie temperature 


~ k~! x interaction energy between a spin and 
its fully aligned neighbours. 
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This is the familiar Curie-Weiss law, where a positive © 
corresponds to a tendency to ferromagnetism and a negative 
© to antiferromagnetism. In each case the law breaks down 
at T < ||, and in this region strong magnetic properties 
arise and may be dealt with roughly in the molecular field 
approximation and, at very low temperatures, in the spin 
wave approximation (Kittel 1956c). 

Whilst Fe, Co and Ni give reasonable Curie-Weiss be- 
haviour at high temperatures, the same is not true of Mn 
and Cr, both of which give much smaller temperature 
dependence of susceptibility than would be expected on the 
model of nearly independent spins. The value of the 
susceptibility in each case is also lower than such a model 
would suggest. 

The low temperature susceptibility of a polycrystalline 
antiferromagnet consisting of elementary magnets of moment 
. with total interaction of the order of kK® per moment is 
given approximately by 

afte. 
X™~ 3 3k0" 

In non-transition metals the electron spins cannot be 
treated as independent elementary magnets because their 
wave functions overlap in space and so note must be taken 
of the Pauli principle, giving rise to the familiar degenerate 
electron gas properties. Under these conditions the number 
of electrons which have spins parallel to a given direction 
can be increased only at the cost of increasing their kinetic 
energy. The net susceptibility is much less than it is in the 
Curie-Weiss regime where the entropy was the only term 
opposing magnetization of the ensemble. The expression 
usually derived (without exchange correction) for the electron 
gas is 

X = WN(Ep) 


where N(Ep) is the density of electron energy states at the 
Fermi energy Ep. Since N(E9) is roughly 1/E) and Ep is a 
few electron volts, this is very much less than a Curie-Weiss 
value. 

The early transition elements Sc, Ti, V, all show suscepti- 
bilities nearly independent of temperature, and no evidence 
of strong magnetism, so that we may conclude that in these 
elements at least the unfilled d electrons are treated in 
reasonable approximation by band theory, and the same 
may be true at high temperatures for Cr and Mn. 

In view of the situation outlined above, it is of very con- 
siderable interest to study the effect of diluting the apparently 
spin-bearing atoms Cr, Mn, Fe, Co, Ni with other metals 
to determine the conditions under which a local atomic 
moment may exist. The alloys fall into four classes. 


(i) Alloys based on non-magnetic solvents with low 
density of states (e.g. Cu based). 
(ii) Alloys based on high density of states solvents (e.g. Al, 
V). 
(iii) Alloys with Cr (few elements dissolved in «-Mn). 
(iv) Alloys with ferromagnetics. 
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Typical of group (i) are the alloys Cu Mn and Au Mn. 
They show a magnetic susceptibility following a Curie-Weiss 
law temperature dependence down to a low temperature. 
Then they become antiferromagnetic despite the randomness 
of the arrangement of the moment-bearing atoms (Owen 
et al. 1957). Their low-temperature thermal and magnetic 
properties are apparently quite in accord with the model of 
a number of well-defined weakly interacting spins (Marshall 
1960). The value of the Néel temperature for these alloys 
is dependent on concentration, and for a few per cent Mn in Cu 
is about 10°k. This corresponds to mean interactions of 
about 10~3 ev between spins, so that at temperatures above 
the spin ordering temperature spins ‘exchange’ or flip one 
another with frequencies as high as A~!(k . 10) ~ 10! s~}. 
Thus the spins will not be properly identified in unmagnetized 
samples by experiments which observe effects averaged over 
considerable periods. It is for this reason that >’Fe dissolved 
in copper, or indeed any other non-magnetic metal such as 
stainless steel, affords a Mossbauer soft y-ray emission source 
in which the iron nucleus experiences no effective magnetic 
field (Wertheim 1960). The emission process requires 
10-7 second for completion, during which time the iron 
atomic spin will have been flipped many times and will 
consequently have an average of zero. The flipping process 
in very dilute solutions probably involves the conduction 
electrons as well as other solute atoms. 

It is convenient to follow the group (i) alloys with those 
based on Cr, which also has a low density of states, though 
it is at low temperatures antiferromagnetic. It has been 
shown (Lomer 1960) that the magnetic properties of Fe and 
Co dissolved in Cr can be explained if these atoms carry 
effective spins which interact only rather weakly with the 
antiferromagnetic lattice of the matrix. It seems that con- 
duction electron interaction is insufficient to destroy the 
thermodynamic significance of the solute spin state. One 
would expect that until the temperature lay below that 
corresponding to such interaction the spins would again 
undergo spin flips very rapidly on the time scale of MOssbauer 
emission or nuclear magnetic resonance. 

Group (11) above—dilute alloys based on a matrix which 
has a high density of states—show magnetic properties 
typical of a degenerate electron gas. The susceptibility is 
temperature independent and its variation appears to be 
dependent on the total number of valence electrons added 
(Gardner and Childs, to be published). The interpretation 
of this in general terms may be that any spin on a dissolved 
atom interacts so strongly with the conduction band as a 
whole that its lifetime is less than h/kT—the spin levels 
would appear to be broader, because of their short lifetime, 
than the Fermi surface thickness. In fact, it is easy to see 
that this is not an admissible way of speaking. The spin 
and band states must be mixed to give a complicated set of 
states which interact more weakly than kT. Though it 
seems very plausible then that the whole ensemble will 
behave like an electron gas, the exact form for the new 
density of states in the alloy is not known. 

The ferromagnetic alloys form a subject too complex to 
be discussed here, but a summary of their magnetic pro- 
perties and an empirical classification scheme was put 
forward by Marshall and the author (Lomer and Marshall 
1958). While several features of that paper are now known 
to be inadequate, the general discussion appears to be still 
valid in broad outline. 

In several alloys which show apparently degenerate 
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electron gas behaviour at low concentrations, higher cor 
centrations show temperature dependent susceptibilitie 
This is observed, for example in V Fe and V Mn (Gardne 
to be published). Cheng, Wei and Beck (1960) have show 
that at similar composition the low temperature linez 
specific heat term reaches anomalously high values. Th 
happens in V Fe at concentrations just below those neede 
for the first appearance of ferromagnetism. It seems likel 
that in some way the presence of other atoms with spi 
bearing potentialities stabilizes the spin states and weaker 
their interaction with the electron gas to such an extent the 
spin groupings do acquire a lifetime great enough to justif 
the random effective field treatment used by Marshall t 
explain the high linear specific heat term in copper 
manganese alloys (Marshall 1960). 

The conclusion of this discussion is to be summarized 1 
a few generalizations, which further work will confirm, ¢ 
modify, or destroy. Let us simply list them: 


(i) The atoms from Cr to Ni carry spin moments t 
suitable environments. | 
(ii) The lifetime of such spin states is controlled by inte: 
actions with other spins, and with the conductio 
band. At low temperatures interactions with othe 
spins give rise to very long lifetime, strong magnet: 
states, ferro- or antiferromagnetic; at high temperé 
tures these interactions, and at all temperature 
conduction electron interactions, shorten the lifetime: 
The main factor controlling the conduction electr 
interaction is the density of states. 
For a thermodynamic treatment of the spins to 
valid, their lifetime must exceed h/AT, but much mo: 
stringent conditions are required in experime 
involving longer characteristic times. 


(iii) 


(iv) 


It will be interesting to watch the development of the 
ideas and the evolution of a rapprochement between the 
and those of the Friedel school (Friedel 1954, 1956, 
Gennes and Friedel 1958) in the course of the next few yea 
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Abstract 


The paper surveys the experimental facilities and the 
intensities of the radiations which are now available in 
research reactors and discusses some of the characteristics 
of the various reactor types of interest to the radiation 
worker. The types and numbers of general purpose 
research reactors now available throughout the world are 
also indicated, and some particular applications of reactors 
for research are described. 


1. Introduction 


HE nuclear reactor is one of the most intense sources of 
neutrons and y-radiation available; as an intense 
source of neutrons of all energies it is unequalled. An 
accelerator is superior when neutrons of one specific high 
onergy, or a very short pulse of neutrons, is required, and the 
inear accelerator is a comparable source of y-radiation. 
dowever, the reactor can provide y-radiation and neutrons 
at the same time for many different experiments, via the 
many experimental facilities which can be arranged around 
4 reactor (see Fig. 1). Indeed one of the difficulties asso- 
ciated with many reactor experiments lies in reducing the 
ntensity of undesired radiation. 
_ The reactor is increasing in importance as a research tool 
und this article surveys the general considerations pertinent 
o this field of inquiry. More detailed considerations, of 
yarticular points, can be found in the appropriate textbooks, 
‘or example: Hughes (1953), Glasstone and Edlund (1952), 
Chastain (1958) and Glasstone (1956). 


2. Types and distributions of research reactors 


. Several parameters characterize a particular reactor. The 
most important are: the neutron spectrum, the moderator, 


Fig. 1. A typical medium sized research reactor showing 

several experimental facilities. In the centre are two 6 inch 

and one 12 inch diameter experimental tubes, then slightly 

to the right another 6 inch diameter experimental tube, whilst 
on the far right there is a thermal column. 


Table 1. Major types of research reactors 


() (2) (G3) (4) 


1 Natural U, 0:7 0-1-30 
graphite 
Dy Enriched U, ~90 10-30 
graphite 
3 Near nat. U, OM Eton 10-200 
D,O 
4 Enriched U, 20 to ~80 1-10 
D,O 
5 Enriched U, 20 to ~90 0-1-5 
6 Enriched U, 2 to ~90 10-200 


(5) (6) 


large BEPO, GLEEP 
large Brookhaven (U.S.A.) 
large NRU (Canada) 
in tank pipo, M.I.T. (U.S.A.) 
in open pool MERLIN, HERALD 
in tank MTR (U.S.A.) 


(1) Type; (2) fuel, moderator; (3) % 235U; (4) usual power range (mw); (5) physical characteristics; (6) examples. 
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if any, of the neutrons, the thermal power output, and the 
percentage of 235U in the uranium fuel. 

Various combinations of these parameters are used in 
different reactors. Those of the major research reactors are 
given in Table 1. In all of them the core neutron energy 
spectrum has a peak in the thermal region and all use uranium 
as fuel. In one class the main differences are the lower 


Table 2. 


All have thermal power outputs of 100 kw or less. 


(1) (2) (3) 


q Heterogeneous H,O 
8 Heterogeneous Zick 
9 Heterogeneous H,O/graphite 
10 Homogeneous H,O 
11 Homogeneous Polystyrene or graphite 


up to the highest energies are the ‘epithermal’ neutrons 
These epithermal neutrons are those neutrons which are no 
part of the Maxwellian distribution. Theory, neglectin 
resonances and variations in the scattering cross section wit! 
energy, predicts an epithermal energy spectrum of the forn 


n(E)dE oc dE|E3?, 


Types of low-power training and research reactors 


All use enriched uranium 
(4) (5) (6) 


10-100 in pool CONSORT 
10-100 in pool TRIGA 
1-100 in tank JASON 
10-750 small JRRI (Japan) 
1077-10-27 small AGN 211 


(1) Type; (2) fuel; (3) moderator; (4) usual power range (kw); (5) physical characteristics; (6) examples. 


output, to which the radiation intensities are approximately 
proportional, and the experimental facilities. 

Another group of reactors, of relatively low power and 
designed as much for training as for research, is listed in 
Table 2. Their low neutron flux limits their application in 
research pertinent to nuclear power, but they should be very 
useful in the field of general radiation research. 

The main individual characteristic of any research reactor 
is its power. The power levels of the world’s research 
reactors are shown in Table 3. 

Table 3. The distribution of research reactors throughout the 
world 


The reactors were in operation, under construction or 
definitely planned in May 1961 


Power (w) U.K. Europe* U.S.A. Rest Total 
<i 0 2 12 0 14 

110 0 1 9 1 11 
10210" 0 3 9 0 12 
= 107, 105 6 14 38 15 3 
10°, = 10° 0 11 13 8 32 
= 10°, = 510° 2 24 12 5 43 
=5 x 10%) < 107 4 6 3 5 18 
= 10-5 < 10! 0 10 6 3 19 
= 510" 0 0 5 1 6 


* including U.S.S.R. 


3. Types of radiation 


The neutron velocity spectrum in the core of a research 
reactor will vary from point to point, but in general it will be 
similar to that shown in Fig. 2. The main features are: 


(a) The near Maxwellian distribution, with a peak at a 
velocity corresponding approximately to the temperature of 
the moderator. The neutrons composing this distribution 
are usually called ‘thermal’ neutrons. Those in the low 
energy end of this group are sometimes called ‘cold’ neutrons 
as their energies correspond to temperatures less than that of 
the bulk material. The mode of the thermal neutron velocity 
distribution when the temperature is 20:44° c will have a 
corresponding energy of 0-0253 ev, equivalent to kT, and a 
neutron velocity of 2200 m/s; cross sections for thermal 
neutrons are often tabulated for this particular velocity. 

(b) Merging into the Maxwellian distribution and extending 
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number of 
neutrons with 
velocities 
between v and 
v+dy 

dn (vy) 


—— — epithermal 


thermal 


tail of Maxwellian distribution 


neutron velocity v 
kT neutron energy 


| MeV 


Fig. 2. A typical neutron spectrum in a reactor. Note that 
there is no particular energy limit distinguishing thermal 
neutrons from epithermal neutrons. 


where n(E)dE is the number of neutrons per unit volume 
the energy interval dE, for neutron energies above a few k 
The corresponding velocity spectrum is 


n(v)dv oc dv/v?. 


This epithermal neutron spectrum will extend upwards in t 
energy scale until at energies of above 1 Mev it will 
practically indistinguishable from the spectrum of neutro 
from the fission process. 

(c) The epithermal neutrons with energies above 1 Me 
probably uncollided fission neutrons, are called ‘fast’ neutro 
indeed, this is better stated as ‘fast (>1 Mev) eee | 
There is no fully accepted convention yet about the abo 
terms, especially about what is meant by epithermal a 
fast neutrons; however the above are acceptable if th 
meaning is stated. 

Beta-rays and electrons are abundantly available f 
irradiation experiments; if a particular B-ray is required the 
the pertinent isotope probably can be produced in the react 

Cerenkov radiation is available in research reactors havir 
a liquid as moderator or coolant. In a water cooled ar 
moderated reactor operating at 1 Mw the amount of ener$ 
appearing as Cerenkov radiation will amount to about 5 
The radiation is available in the reactor tank or elsewhere | 
the primary coolant circuit. Although not a good souri 
for investigations of Cerenkov radiation itself, it is a goc 


source for some experiments involving the detection of t 
gross effect. 
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4. Units 


_ The measure of the intensity of neutrons is the neutron 
tux. Considering neutrons of one velocity only, v cm/s, 
heir density being n/cm3, then the flux is defined as nv/em?s. 
Chis is the number of neutrons passing through a sphere, 
vhose cross-sectional area is one square centimetre, per 
econd. Expressed in other terms the flux is equal to the 
rack length traced out by the neutrons in one cubic centi- 
netre per second. The true total flux will be given by 


F= ie (v)dv, 


vhere the flux distribution function f(v) = vn(v). In practice 
he fluxes usually quoted are slightly different from this true 
lux, but the difference is small; the topic has been discussed 
xy Westcott, Walker and Alexander (1958). 

_ Gamma-radiation intensities in and about reactors are 
isually given in rads (tissue) per hour, or in réntgens per hour. 
y-ray doses are quoted in rads. However, the neutron 
tradiation received by a specimen is usually quoted in 
neutrons/cm?. This is the neutron flux in which the specimen 
1as been, multiplied by the time in seconds during which it 
jas been irradiated, e.g. if a specimen has been in a fast 
>1 Mey) neutron flux of 10!4/cm?s for 10 days (~10°s) then 
‘he fast neutron dose would be stated as about 102° neu- 
irons/em?. Sometimes this dose would be stated as 102° nvt, 
‘ndicating that it is a product of the flux and time. 


5. Typical facilities and radiation intensities 


The main facilities, available in almost all research reactors, 
are described in the following sections. Fig. 3 shows a 


| 
pool tank 
) 

| reflector 
| 


1 


large area 
facility 


_ Fig. 3. A typical plan of a pool type reactor showing the 
various types of experimental facility. 


experimental 
tube 


typical arrangement in a pool type reactor. The reactor 
core, consisting of the fuel, moderator and coolant, is at the 
centre of the pool. The core is surrounded by the reflector 
which is often of the same material as the moderator in the 
core. The other facilities penetrate the shield, about the 
core and reflector, ending as near the core as possible. 


5.1. The reactor core 


Here the radiation intensities are highest and, often, 
sxperimental space is severely limited. Only in reactors 
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using natural, or near natural, uranium as fuel is there plenty 
of space in the core. 

The undisturbed neutron fluxes (thermal, epithermal and 
fast) in the core follow, approximately, a cosine distribution 
in both the vertical and horizontal directions. However, 
there will be fine structure effects in a heterogeneous reactor 
due to the different properties of the fuel, the moderator and 
the coolant. Fig. 4 (K. Stephens and G. Williams 1960, 


| | 


[fuel — L_ fuel] | tuel--| 


a a ae ce a Cae RT 
Horizontal distance from core ¢ Cin.) 


fuel —- +-— fuel 


Fig. 4. Relative horizontal thermal and epithermal neutron 
flux distributions in the midplane of MERLIN. 


1:0 unit = 1-33 x 107 thermal neutrons/cm?s per watt. 
1-0 unit = 2-95 x 10° epithermal neutrons/cm2s per watt. 


unpublished), shows this fine structure of the thermal flux in 
a water moderated and cooled reactor, using highly enriched 
fuel, the peaking of the distribution in the coolant channels 
and the depression in the fuel are marked. The epithermal 
and fast fluxes are not subject to this fine structure to the 
same extent. 

For a given type of reactor the radiation intensities are 
approximately proportional to the thermal power output per 
unit volume. The volume of the core is, mainly, a function 
of the moderator and the fuel enrichment; with a low 7*5U 
percentage content the volume is increased. Of the three 
most popular moderators, graphite usually provides the most 
space, then heavy water; light water produces the most 
compact cores (see Fig. 5). However, light water has the 


bs 


Fig. 5. The core of a water moderated and cooled reactor is 

very compact. The core shown contains 2-0 kg 235U and is 

only about 2 ft x 1 ft x 1 ft; in this particular case it is 

surrounded by a beryllia reflector. Four control elements can 
be seen in the core. 
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advantages of simplicity and cheapness and also results in a 
higher maximum fast flux per unit of reactor power; the 
figures for DIDO and MERLIN are 0-25 x 10!3/cm*s Mw and 
1-5 x 10!3/cm?2s Mw respectively. The fast flux in prpo has 
been considerably enhanced by placing specimens inside 
hollow fuel elements. By this means fast fluxes of about 
2 x 10'3/em?s Mw have been obtained for the irradiation of 
specimens (B. O. Wade 1960, unpublished). 

The y-radiation absorption in the core of a reactor which 
has been operating for a considerable time, assuming no 
leakage out, is about 4 x 10!! Mev/cms per w/cm?. In a 
light water cooled and moderated reactor using highly 
enriched fuel, at 5 mw, this corresponds to a dose rate of 
4 x 108 r/h and an energy input of about 0-7 w/g for small 
specimens near the centre of the core. Such high rates of 
y-ray heating, in cores with high power densities, produce 
severe problems in the design of experimental equipment. 

Another problem, concerning all reactor experiments, is 
that of shielding. Specimens or apparatus brought out of 
the neutron fluxes have to be shielded so that they do not 
damage personnel or disturb other experiments. Similarly, 
if radiation beams are allowed into the experimental area, 
shielding has to be provided. 

No rules can be given for the radiation intensities available, 
not even for one type of research reactor; as we have seen 
they may be increased markedly by various means, they do 
vary markedly from experimental facility to facility and, 
indeed, they may be lower than expected because of the 
design of the reactor. However, Table 4 indicates the 
maximum intensities that might be expected in the core of a 
particular type of reactor. Some reactors will be better, 
some will be worse than indicated here. 


generation to the next. Thus it is closely associated with th) 
safety of the system.) Also the y-ray heating of objects i} 
the reflector will be less. Thus, experiments are easier ti 
design and safer than if they were in the core. However thy 
maximum fast flux, the maximum ratio of fast to therma 
flux and the minimum gradient of a radiation intensity are ii 
the core. | 

It is often desirable to optimize the intensity of one type a 
radiation relative to the other types, for example, a flux a 
near thermal as possible may be required with as little a 
possible of y-radiation or fast neutrons present. Som 
variation of the ratios of the radiation intensities is possibl 
by the choice of experimental facility. To obtain a large 
ratio than exists in the reactor normally, special technique 
can be used employing combinations of filters and converters 
see Fig. 6. To optimize the thermal neutrons a ‘thermd| 


R water+boron 


aa ee itdst 


Fig. 6. Idealized schemes for producing ‘clean’ radiation 
from the mixture of radiations existing in a reactor. 


Table 4. The maximum radiation intensities, per unit power, available in a reactor core | 


The types are those given in Tables 1 and 2 


Type 1 yD, 
Thermal, 10!2/cm?smw 0-2 1 
Fast (>1 Mev), 10!2/cm?smw 0:02 0:04 
Y> 107 rad/hmw 0-01 0-02 


5.2. The reflector 


The reflector is the region surrounding the core, its mini- 
mum thickness may vary from between 24 in. in a light water 
reflected reactor to about 3ft in a heavy water reflected 
reactor, the maximum thickness may be many feet especially 
in a reactor of the swimming pool type. There is usually an 
increase in thermal neutron flux near the core—refiector 
boundary (Fig. 4). After this peak the thermal flux will 
decrease approximately exponentially. The epithermal neu- 
tron, the fast neutron, and the y-radiation intensities all 
decrease continuously with distance into the reflector. 

Depending on the arrangement of facilities about the core, 
it may be possible to put large experiments into the reflector. 
In pool type reactors one face of the core may be used for 
placing experiments directly against that face. In many 
cases the thermal flux at the interface is as high as at the 
centre of the core and this makes the reflector space valuable 
as it is usually easier to place the experiment in the reflector. 
Another important advantage of the reflector is that experi- 
ments in this region will have less effect on reactivity than if 
the same experiments were placed in the core. (When a 
reactor is near to the critical state, the reactivity is the 
fractional change in the number of neutrons from one 
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column’ of graphite is used: there is one in almost eve 
research reactor, see below. To optimize the fast neutro 
a converter cylinder or plate of 75U may be used, the fissi 
of the **5U by the thermal neutrons producing the fa 
neutrons. A hollow fuel element of highly enriched ur. 
nium is an example of such a converter, see Fig. 7. Cadmiu 
can be used to absorb any thermal neutrons which ha 


1 


Fig. 7. A fuel element of highly enriched uranium in which > 
small samples can be irradiated in a high fast flux. This type 
of fuel element is used by the U.K.A.E.A. in their heavy water | 
reactors. Specimens, of diameters up to two inches, can be 

‘accommodated inside the element. 
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by-passed the 77°U. Water is a useful medium for removing 
the thermal and fast neutrons, whilst leaving some y-radiation 
available; the addition of a boron compound attenuates the 
thermal neutron intensity even more rapidly. 


5.3. Experimental tubes 


Experimental tubes extend from outside the reactor shield 
to near the core. The diameter of the tube is normally 
between | in. and 12 in.; a few are larger: most experimental 
tubes in modern reactors have diameters between 4 in. and 
3in. They can be used either to permit a beam of radiation 
ike) escape into the experimental area around the reactor or as 
an irradiation facility. In the latter case the experiment is 
asually placed within the tube as near the core as possible. 
Neutron flux distributions down an experimental tube are 
shown in Fig. 8, y-ray distributions are shown in Fig. 9. 
The fast neutron spectrum at the end of a tube near the core, 
n a water moderated reactor, is very similar to a fission 


OF T 
© thermal neutron flux 
4 fast neutron flux (phosphorus foils) 
+ epitherma! neutron flux 
01 
S 
i. 
| 0-01 
! 
I 
} 
0-001 
0 10 20 30 40 
Distance from core end of beam tube (in.) 
Fig. 8. Flux distribution in 6 in. diameter experimental tube. 


The end of the tube was separated from the core surface by 
about 7in. of water (K. Stephens and G. Williams 1960, 
unpublished). 


1-0 unit = 2-3 x 105 thermal neutrons/cm?2s per watt. 

1-0 unit = 6-2 x 104 fast (>1 Mev) neutrons/cm?s per watt. 

1-0 unit = 7 x 103 epithermal neutrons/cm2s per watt. 
pectrum. This is sometimes moderated to enhance the 


sold’ neutrons by placing refrigerated material, e.g. liquid 
iydrogen, in the tube. Similarly, it should be possible to 
nhance the low energy epithermal neutrons by placing hot 
naterial in the tube, e.g. graphite at 1000° c or more. 

By arranging the tubes tangentially to the core rather than 
adially, it is possible to increase the ratio of the thermal 
eutron intensity to the intensity of fast neutrons and y-rays 
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in the beam; this is achieved only with some loss in the 
intensity of the thermal neutron beam. However, the loss 
might be worth while; in an experiment with a reactor 
reflected by heavy water, for a reduction in thermal neutron 
intensity of about 2 the fast neutron and y-rays were reduced 
by a factor of about 15 (Court and Downes 1960). 


water 


core 


6in. tube I2in. tube 


Intensity (r/h MW) 


5 J |2 in. dia. tube 


Gin. dia. tube 


104 


0 10 20 30 40 50 60 
Distance from core end of beam tube(in.) 


Fig. 9. Gamma-radiation intensity down 6in. and 12 in. 

diameter experimental tubes. The arrangement of the 

tubes with respect to the core is shown (J. Mitchell 1960, 
unpublished). 


5.4. Thermal columns 


Thermal columns are large facilities penetrating from the 
experimental area to the region of the core and filled with 
graphite, see Fig. 10. The fast neutrons are moderated by 
the graphite, which does not absorb thermal neutrons to any 
marked extent; the y-radiation is absorbed by a lead sheet or, 
at a greater financial cost but more efficiently, by a bismuth 
sheet. The outside face of the thermal column can be used 
as a plane source, of large area, of thermal neutrons. These 
thermal neutrons will be relatively uncontaminated with fast 
neutrons and the y-intensity can be made small. Typical 
dimensions for a thermal column are 6 ft long by 5 ft square. 
Over the length of this column the thermal neutron flux will 
have decreased by a factor of about 103, whilst the fast 
neutrons and y-radiation will have decreased by factors of 
about 10° and 10° respectively. Fig. 11 shows the thermal 
neutron distribution down the length of a thermal column 
(Stephens and Williams 1960, unpublished). Access ports 
to the internal region of the thermal column are usually 
available. These can be used for placing specimens in the 
column (down the length of the column a wider choice of 
relative radiation intensities is available) or they can pass 
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Fig. 10. A thermal column being filled with graphite. In 

order to minimize impurities which might absorb neutrons 

clean conditions were maintained during the loading pro- 

cedure. With the graphite removed the cavity could be used 
as a large area source. 


2:0x109 nfcm2 s at SMW 


Thermal neutron flux 


lO units 


=—Sao o.9 — oO oo 


0 10 20 30 40 50 60 70 
Distance from 4in. lead shield (in) 


Fig. 11. The thermal neutron flux distribution along a 
thermal column (Stephens and Williams 1960, unpublished). 


thermal neutron beams into the experimental area. 
objects can also be irradiated in the thermal column. 


Large 


5.5. Large area sources 


In some types of research, such as shielding studies and 
metallurgy, the experiments to be irradiated may be large, 
say three to six feet square. In order to accommodate such 
units in, or partly in, a high radiation field large area sources 
are being built into reactors. The facility may penetrate the 
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shield right up to the core if a fission spectrum may 
required. The radiation levels at the inside surface may b 
almost the same as that at the surface of the core itself. J} 
the pool type of reactor the whole facility may be a tunng¢ 
through the water from the core region to a hot cell whe 
the experiment can be unloaded from its trolley. Shieldin| 
experiments can be exceedingly heavy and the trolley mus 
be able to transport them, one with its load may weigh uj 
to 100 tons. 
5.6. Fast transfer units 


Fast transfer units are devices for the rapid insertion an) 
removal of a specimen from the radiation field. They an 
usually pneumatically operated. The specimen is containe: 
in a can, usually of aluminium or a plastic material to reduc 
induced activity, although super-pure iron capsules hav 
been used. This can moves in a tube which passes throug: 
the reactor and terminates either at the reactor top or in on 
of the neighbouring laboratories. Such facilities are usefv 
in work with short-lived radio-isotopes—to the physicis 
studying their behaviour, to the chemist using them i 
activation analysis, or to the physician requiring them 1 
therapy. 

Most research reactors, of 1 Mw or more, have one or mor 
fast transfer units. In the BR1 graphite moderated reactc 
at Mol, Belgium, the aluminium can is moved by hi 
pressure carbon dioxide and the removal time can be les| 
than O-ls. The thermal and epithermal neutron fluxes <¢ 
the irradiation point are both about 10!2/cm?s. 

Another means of producing a short irradiation is to pul 
the reactor output; this is discussed below. 


5.7. Used fuel elements 


Often the fuel has to be stored for some time, after bei 
used in the reactor, before it is returned for chemical pr 
cessing. The y-radiation from the fission products may 
useful for certain experiments. The fuel is usually stored 
water, a depth of 20ft is typical. The intensity obtain 
will depend on the power density in the particular react 
The y-irradiation facility of the ORR (Oak Ridge Reacto 
which operates at a reactor power of 20 mw produces fiel 
up to 10’r/h. If the fuel is in water then there is a sm 
neutron flux due to the D(y, n) reaction, from the deuteriu 
in normal water. This amounts to about 104 therm 
neutrons/cm’s for a y-ray intensity of 107r/h; it can 
reduced to insignificant proportions by surrounding a regi 
with a good neutron absorber, say cadmium. 


6. Special applications 
6.1. Pulsed reactors 


Reactors can be designed to produce intense bursts 
radiation. At one end of this scale is the small, fast react¢ 
designed for a single pulse only—the atomic bomb. At tH 
other end is a relatively simple research reactor which cou 
belong to a large university. The use of pulsed reactors f¢ 
general research is still in its infancy; the work will not alwa‘ 
be simple, working in a restricted time scale, but the resul 
should be worth while. 

The research programmes with such reactors cover mar 
topics, for example the delayed radiations from fissioa 
short-lived isotopes, the relationship between dose rate and tk 
biological effects of neutrons, y-rays and charged ee | 
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ansient radiation effects on materials and the examination 
“monitor response in criticality accidents. Further possible 
pics of research include the kinetic behaviour of reactors, 
e testing of reactor safety devices, activation analysis using 
lort-lived activities (with the possibility of making analyses 
- Various times on the same specimen), high temperature 
fects, the properties of neutrinos and other experiments in 
uclear physics and biology. These research applications 
re discussed further by McReynolds (1960). The per- 
yrmance of several types of pulsed fast reactor is given in 
able 5. Several pulsed fast reactors have been operating, 


Table 5. 
GODIVA 
Type, as in Tables 1 and 2 Fast 
Energy (MJ) 0:8 
_ Neutrons 6-8 x 1016 
_ Excess reactivity above prompt critical (%) 0-05 
_ Initial period (ms) 0-012 
_ Peak power (Gw) 10 
_ Pulse width at half maximum (ms) 0-040 
Average temperature rise (°c) 100 
Interval between pulses ~lh 


nainly at Los Alamos, the bare (unreflected) reactor called 
ODIVA is typical of this type. These provide short pulses, 
f the order of 10-100 ys long, but it is unlikely that such 
»sactors will be generally available for research in the near 
iture. 

| If a pulse of neutrons is required with a width of the order 
f one microsecond or less then accelerators have to be used, 
tr atomic bombs. Hughes proposed that small atomic 
ombs could be used for nuclear spectroscopy, which is 
oncerned with neutrons in the energy range up to a few 
ilo-electron volts. Hughes (1960) estimated that one 
) kT explosion would produce a number of neutrons equiva- 
nt to those obtained by operating a high intensity pulsed 
‘actor (10! neutrons/s in a 10 us pulse every 0-1) for 
)00 years. 


6.2. Power reactors 


' The testing of prototype fuel elements in large quantities has 
zen carried out in the power reactors at Calder Hall and 
thapelcross. The United Kingdom Atomic Energy Authority 
nnual Report for 1959 stated that these tests have indicated 
cults which would have led to large failure rates in operation. 
‘owever, another main purpose of using power reactors as a 
idiation source is to ensure that adequate numbers are 
sted. The failure rate of the standard design of Calder 
‘all fuel element is less than 0-1°%; indeed if the reactor is 
» operate successfully such low failure rates are necessary. 
hus, it is essential that large numbers of a prototype fuel 
ement are tested in order to detect effects which are signifi- 
it at this level. A large power reactor is the only place 
ihere testing in adequate quantity can be carried out. 


6.3. Medical uses 

' X-rays have been used for over half a century for therapy. 
last and thermal neutrons have been also used since about 
938. In those early days the neutrons were produced by 
rclotrons and such sources are still in use. However, the 
sry high neutron fluxes available from reactors are now 
sing used; indeed six reactors, with powers in the range 
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5 w to 5 Mw, are being used entirely for medical or associated 
biological research. They are attached to hospitals or 
medical research units in America. Several other research 
reactors have been designed with special facilities for medical 
research. 

Irradiation with thermal neutrons can be used after 
administration of a stable isotope possessing a high thermal 
neutron capture cross section. By proper choice of the 
isotope the resultant reaction will produce ionizing particles 
of very short range, thus localizing the heavy damage. Also, 
if the isotope is chosen correctly it will be preferentially 


Characteristics of pulsed neutron reactors 


KEWB 


SPERT TRIGA TREAT 
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situated in the region requiring treatment. An example of 
this technique of neutron capture therapy is the treatment of 
brain tumours, using the !°B(n,«) reaction to produce the 
desired radiation (Brownell and Street 1958). Both the 
30 Mw general purpose Brookhaven reactor and the M.I.T. 
reactor have been used in the work. Thermal neutron fluxes 
of the order of 10° to 10!°/cm?s are typical. With the latter 
flux 15 pg of 10B per gramme of tissue would produce a dose 
rate of 100r/min. Neutron doses of about 10!*/em? have 
been used (Farr et al. 1958). Fast neutron therapy was used 
about 1938, but after-effects were unsatisfactory; however, 
there may be further research into this method of treatment. 

The M.I.T. reactor operates at a maximum power of 1 Mw. 
Its medical facility is a large vertical port from the reactor 
tank to a room beneath. Three layers of bismuth below the 
core attenuate the y-radiation. These are followed by a 
beam shutter consisting of a tank of water; this is emptied 
before the facility is used otherwise the water absorbs most 
of the neutrons. Below this tank is a boron shutter which, 
when closed, will attenuate any remaining neutrons. Finally, 
there is a thick lead and bismuth shutter further to reduce 
y-radiation. The design is such that a thermal neutron flux 
of 4 x 10!°/cm?s should be available, with a background of 
10’ epithermal neutrons/cm?s and about 100 r/h of y-radiation. 
The room below is a complete hospital operating room. The 
doctor in charge of the treatment has control of the facility 
and can shut down the reactor if necessary. Fast transfer 
units are also being installed in the reactor for the production, 
in amounts up to a few curies, of short-lived isotopes for 
medical use. The units are also used to simplify the pro- 
duction of other isotopes, such as !®>Dy, required for internal 
therapy (G. L. Brownell 1960, unpublished). 

The Brookhaven Medical Reactor has a maximum opera- 
ting power of 5mMw. There are two treatment rooms each 
separated from the reactor by a 16 in. square port closed by 
a vertical shutter. The radiation intensities available at the 
patient’s head are 10!'/cm?s (thermal), about 10*/cm?s (fast) 
and a y-radiation flux of about 10*r/h. There is also a 
large area source at the thermal column, the maximum 
thermal neutron flux is about 10!°/cm’s and the intensities 
of the various radiations can be varied by means of filters. 
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interested in underwater sound. 
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mainly of charts and graphs on the physical and mechanical 
properties of the alloy with sections on the available forms 
and applications. 
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Chemical and Petroleum Engineering Exhibition 


The Second Chemical and Petroleum Engineering Exhibiti 
will take place at Olympia, London, from 20th—30th Ju 
1962, under the joint sponsorship of the British Chemi 
Plant Manufacturers Association and the Council of Briti 
Manufacturers of Petroleum Equipment. 

The Third Congress of the European Federation of Chemi 
Engineering will be held during the course of the exhibiti 
with symposia on Process optimization, Interaction betwe 
fluids and particles, The handling of solids and The phys 
and chemistry of high pressures. 

The Fourth Congress of the Federation of Europe 
Petroleum Equipment Manufacturers (Fédération Europeé 
des Constructeurs d’Equipement Petrolier) will also be hi 
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Westminster. Approximately 20 technical papers, coveri 
Automation, New corrosion resistant materials, Temperat 
insulation, Aircraft refuelling and Future trends in the desi 
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presented. 
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Chemical Plant Manufacturers Association, 14 Suffolk Stre 
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Abstract 


theory relating to the viscous flow of stable suspensoid 
als, and briefly outlined in earlier papers is extended in 
1€@ present work. 

It suggests (i) that concentration patterns are developed 
ithin suspensoid sols as a result of shearing, (ii) that these 
atterns arise through the operation of ‘least action forces’. 
The existence of such forces is required in order that the 
rinciple of least action shall be applicable to those changes 
| the configuration of the system of particles comprising 
1e disperse phase of the sol which accompany shearing), 
tl) that the velocity distribution pattern within such a sol is 
lated in any given case to the concentration pattern, 
v) that the anomalous properties of suspensoid sols 
ider shear arise in consequence of the development of 
lese patterns, and (v) that changes in these properties 
‘e due to changes in the parameters defining these 
atterns, and these, in turn lead to variations in the mag- 
‘tudes of the least action forces with changes in the 
vearing conditions. It leads, in the case of flow through 
yillary tubes to the following conclusions: 

(1) Shear dependence of viscosity is a universal charac- 
ristic of such sols. (2) The overall mean sol concen- 
ation within a tube during flow is always less than the 
mncentration in the reservoir from which it is supplied. 
) The mean concentration over any cross section 
‘minishes systematically along a tube from a maximum 
ulue equal to the reservoir concentration (near to the 
trance) to a minimum yalue at points nearer to the exit. 
‘) The overall mean sol concentration varies with flow 
ite from a maximum yalue (equal to the reservoir con- 
tration) at zero rate of flow to a minimum yalue 
ways greater than one half of the reservoir concentration) 
‘ the highest rate for non-turbulent flow. (5) The velocity 
‘ofile, as defined by the ratio of mean to maximum 
reaming velocity, is also shear dependent, the ratio 
ying systematically between limits of one half and one. 
) The ratios of mean to maximum velocity and of mean 
be concentration to reservoir concentration are equal to 
ze another for sols showing no appreciable Brownian 
ovement and flowing in very long tubes. (7) These 
locity and concentration ratios can under the conditions 
entioned in (6), be expressed as a simple function of the 
lative viscosity of the sol. (8) The axial sol concen- 
ation increases systematically along the tube from a 
inimum value (equal to the reservoir concentration), 
ar the tube entrance, to a maximum yalue which may 
-many times as great at points nearer to the exit. (This 
perconcentration will under appropriate conditions lead 
the formation of a thrombus.) 

Experiments designed for the investigation of the con- 
usions numbered (1), (2), (4), (5) and (7) are also 
scribed. The results yielded by these experiments 
pport the conclusions mentioned. 


VoL. 12, OcroperR 1961 


Ph.D., F.Inst.P. 61), V. A. HEWLETT, M‘Sc., 
.Sc., A.R.I.C, (§3), and R. E. JAMES, M.Sc., A.Inst.P. (§4). The Technical College of Monmouthshire, Crumlin, Mon. 


545 


———— 


?rinciples governing the viscous flow of suspensoid sols 


F.R.L.C. (62), J. H. A. ROBERTS, 


1S. received 16th February 1961, in revised form 15th May 1961 


In the light of these results Einstein’s law which is based 
on the assumption of random particle distribution through- 
out a sol undergoing shear is seen to be fundamentally 
unsound. 


1. Theoretical 


1.1. General introduction 


LTHOUGH shear dependence of viscosity has been 
reported both for suspensions and macromolecular 
solutions on many occasions considerable doubt still 

appears to exist as to whether this phenomenon is, or is not, 
a general characteristic of suspensoid sols. If it is, then it is 
certainly fundamental to a complete understanding of the 
nature of viscous flow in such sols that it should be recognized. 
As an illustration of the present uncertainty on this question 
the conclusions of Richardson and Tyler (1933) and of 
Higginbotham, Oliver and Ward (1958) may be quoted. 

Richardson and Tyler, using suspensions of rice starch 
grains in carbon tetrachloride and paraffin, obtained results 
from which they concluded that the coefficient of viscosity 
in a disperse system diminishes with increasing velocity 
gradient. Higginbotham, Oliver and Ward, on the other 
hand, found that the suspensions of spherical polymer 
particles in aqueous glycerol solutions which they used, 
behaved as Newtonian fluids. Since no fundamental differ- 
ence appears to have existed between the sols employed it 
seems not unlikely that the discrepancy arises as a result of 
the manifestly different shearing conditions used in the two 
cases. 

Similar uncertainty exists also in regard to the viscosity 
shear dependence of high polymer solutions. In connection 
with these Harland (1955) concludes that this phenomenon 
is appreciable only where the degree of polymerization 
exceeds a value of about 2000. Whilst this appears to be 
roughly true for measurements made under near-standard 
shearing conditions it may well prove to be far from true 
under appropriate non-standard conditions. 

This general uncertainty regarding a very fundamental 
characteristic of suspensoid sols is matched by no less uncer- 
tainty in regard to its explanation. Thus, different authors 
have employed assumptions relating to the different, but 
particular, characteristics of the disperse phases of the sols 
with which they have been concerned, as a basis for explaining 
their viscosity shear dependence. These have included such 
assumptions as that the particles are deformed under shear, 
or that the particles are porous and that drainage results 
from shearing, or (in those cases where the particles are 
anisodiametric), that preferred particle orientation occurs 
and this, as with other characteristics mentioned, varies with 
shear rate (Immergut and Eirich 1953). Whilst such assump- 
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tions may seem reasonable enough with regard to the parti- 
cular sols which the respective authors have used, they can 
have no general validity. And further, none of the assump- 
tions referred to can account for the variations of viscosity 
with shear rate reported for suspensions of non-porous and 
roughly spherical rigid particles (Richardson and Tyler 1933). 

In earlier papers (Starkey 1955, 1956) a flow mechanism 
was described in accordance with which these viscosity 
variations were explained in terms of changes occurring, with 
shear rate, in the positions of the particles in the velocity 
field. It was pointed out that this mechanism would provide 
an explanation of non-Newtonian behaviour independent of 
any assumed attributes particular to individual suspensoid 
sols, and therefore, of general applicability. This mechanism 
depends on the fact that the particles comprising the disperse 
phase of the sol will follow paths during shear such that the 
resulting change in the configuration of the system is effected 
in accordance with the requirements of the principle of least 
action. This can readily be seen to imply the existence of 
forces acting on the particles of the disperse phase displacing 
them from the streamlines on which they initially move to 
others where the velocity gradient is lower. The combined 
net effects of these forces will be to develop a concentration 
pattern within the sol such that maximum concentration 
occurs where the velocity gradient is least. (In what follows 
these forces will be referred to as ‘least action forces’.) 

As the values of the least action forces, and consequently 
of the parameters defining the pattern, would be expected to 
vary with shear rate, and since it is inconceivable that other 
forces always equal and opposite to these can exist in sus- 
pensoid sols under shear, this mechanism requires the shear 
dependence of viscosity as a characteristic of all suspensoid 
sols. The extent to which this occurs, however, would be 
expected to vary from case to case in a manner depending 
not only on the initial particle concentration, size and shape, 
but also on the geometry of the shearing system and the range 
of shear rates used. 


1.2. The laminar flow of suspensions in tubes. 
of the theory) 


The theory dealt with here was briefly outlined in earlier 
papers (Starkey 1955, 1956). In accordance with the 
mechanism indicated there, suspended particles, although 
distributed randomly over the whole section of a tube on 
entry to it, would be expected as a result of the operation 
of the least action forces to move towards the axis as they 
progress along the tube, so forming a ‘core’ of suspension 
around the tube axis, surrounded by a ‘sheath’ of suspension 
fluid, devoid of particles, adjacent to the wall. (The fully 
developed core, it should be noted, is not produced imme- 
diately at the tube entrance, and in short tubes the phenomena 
dealt with in this paper may be partially obscured by this 
‘entrance effect’.) 

Consider the stability of this core when Brownian move- 
ment is (i) negligible and (ii) finite. 

(i) In this case no forces which could cancel the effects of 
the least action forces mentioned can be conceived, and in a 
long tube the latter would be expected to operate continuously 
until all particles had been displaced laterally into a region 
of zero velocity gradient where particle rotations would 
cease and the least action forces would consequently vanish. 

(ii) Where Brownian movement is not negligible diffusion 
would arrest the process described in (i) before it is complete. 

A suspensoid sol which shows no Brownian movement, 
flowing under steady conditions through a long tube (that is, 
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one in which the entrance effect mentioned earlier can 
neglected), can therefore be regarded as consisting of a ‘con 
of sol of radius p, surrounded by a ‘sheath’ of suspensi¢ 
fluid of thickness R — p, where R is the tube radius, sus 
that velocity gradients in the core are negligible compart 
with those in the sheath. For extremely dilute sols the ca 
would be expected to assume the form of a ‘vortex street’ | 
mentioned in an earlier paper (Starkey 1955). 

Let us now consider quantitatively some consequences | 
this particle distribution for a suspension of particles, d 
persed in a perfectly homogeneous liquid, maintained | 
constant temperature and flowing slowly through a lot 
capillary tube. 


1.2.1. Velocity distribution within the ‘sheath’. 

Adopting the method of analysis commonly employed | 
the derivation of the Poiseuille formula (Worsnop and Fli 
1931) the net force acting on a cylindrical element of radius 
(where r > p), thickness dr and length / is seen to be equal | 


— (dF/dr)ér = 2mrdrP 
where F is the shearing force acting on one of the cylindri 


surfaces of the element and P is the pressure difference und} 
which flow takes place. Since 


F = 92nrldv/dr ( 
where 7 is the viscosity of the suspension fluid and v tf 


velocity at r =r, 


| 


d dv 
— “(2arlt=) Sra de (| 
from Eqn (1). 
By integrating (3) twice, and since dv/dr = — Pp/2yl wh 
r =p, andv = 0 whenr = R, it can be shown that 


» P(R2 — r?) 


i 4yl 


1.2.2. Volume emerging per second. 


Using the method referred to in §1.2.1, the volume 
emerging per second from the tube is seen to be 


m™p?P(R ae p”) 


R 
a | 2mrvdr ok 
° 


4nl 
By substituting for v from Egn (4), integrating and simplifyin 
__ Pr( R* — p*) 


V : 
8yl | 
If p becomes zero, Eqn (6) reduces to the Poiseuille formul! 
If V varies non-linearly with P, and therefore the viscosi 
of the sol is shear dependent, a(R* — p*)/8y/ must va 
with P; but since p is the only quantity in this naa 
i 


which can vary with P under the given conditions, viscos 
shear dependence must be due to changes in core radius wit 
rate of flow. 


1.2.3. Relation of relative viscosity to core and tube radii. 
If 7, is the apparent viscosity of the sol, then by definitic 


os Per | 
ere Rey | 
but, from Eqn (6) 
La Pr(R* — p*) 
eee 
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herefore the relative viscosity 7,.), is given by 


Rt 
or p= R°Grei = 1) (8) 
rel 


As seen from Eqn (8) a diminution in relative viscosity 
with (say) increased rate of flow is associated with a diminished 
sore radius. 


\.2.4. Relation of concentrations and velocities in the sol. 


Let a suspensoid sol of particle concentration co, enter a 
ong capillary tube at a mean velocity of v,,.. The mass of 
yarticles entering per second is, therefore RCV: 

_ Let the mean concentration in the tube be ¢,. Since all 
articles will on emergence be in the core, and will move 
vith the core velocity v,, the mass of particles leaving per 
econd will be 7R7c,v,. 

_ Since the masses entering and leaving per second, under 
steady state conditions, are the same 

Com = CUp- (9) 
Since Us > Um, C;< Cg; the mean concentration in the 
ube is, therefore, always less than the concentration in the 


jeservoir. 
..2.5. Relation of velocity, viscosity and concentration ratios. 
_ From Eqn (4), the maximum velocity v, is given by 
a P( R2 ~ p’) 

7 a (10) 
‘nd from Eqn (6) the mean velocity v,, by 
a Ar P(R* — p4) 
| om GR? SIR? a 

v OR 
7hence re aaa R2 + p® (12) 
‘rom Eqns (8) and (12), therefore 

Vo 2V/ Nrel ( 3) 


Um > V "rel ate V/ (Neel et 1) 
Sigal from Eqn (9). 
Ct 


| If suspensoid sols are then viscosity shear dependent they 
7ould be expected also to be both velocity-ratio shear 
ependent and concentration-ratio shear dependent. Further 
Ince aS Nyey > ©, Vp/Vm —> 1 and as 7); > 1, Vo/Um —> 2 these 
‘locity and concentration ratios would always be expected 
5 lie between the limits 1 and 2. 

| Equation (13) also suggests that if relative viscosity is made 
' vary by any means whatsoever, e.g. by changing rate of 
‘ow, initial sol concentration, geometry of apparatus, etc., 
ie velocity and concentration ratios will vary accordingly. 


.2.6. Core concentrations. 

' The mass of particles leaving the tube per second under 
-eady state conditions is 7p*c,v, where c, is the core con- 
entration. If this is equated to the mass 7R*cov, entering 
er second, 


From Eqn (12), therefore, 


Cm 8 
or (15) 


From Eqn (8) this becomes 


Co V/ Nret at V (ret ay 1) 
Co 2V/(Nret a 1) 


In accordance with Eqn (16), and since 7,., is always 
greater than unity, the core concentration is always greater 
than the reservoir concentration. Further, any diminution 
in the relative viscosity is, in accordance with this same 
equation, accompanied by an increase in core concentration 
relative to reservoir concentration. Under conditions of 
high initial concentration and high flow rate therefore, the 
core concentration will become very great indeed, and under 
extreme conditions so much so that particle contacts are 
inevitable. 

This hyperconcentration of the sol in the axial region of a 
tube can thus give rise under appropriate conditions to the 
development of a thrombus as in coronary thrombosis. 


(16) 


1.2.7. Relation between maximum and mean concentrations 


(hyperconcentration). 
From Egns (12) and (13) 
Cc,  R* +? 
pute 17 
Co 2R2 ( ) 
From Egns (15) and (17) it follows that 
ge eps. (18) 


It is seen from Eqn (18) that as ¢;/co9 > 1, c,/¢g > 1 also, 
and as ¢/co—>4, c,/¢g > ©. That is, for a given initial 
concentration the axial concentration increases with decreased 
relative viscosity, whilst the mean concentration within the 
tube simultaneously diminishes. 

The theoretical relationships derived are illustrated in Fig. 1. 
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Fig. 1. Theoretical curves showing variation in ratios of the 
mean and maximum ‘tube’ concentrations to the initial con- 
centration, with relative viscosity. 


1.2.8. Entrance effects. 


Near to the entrance of all tubes the concentration pattern 
described at the beginning of §1.2 is only in the process of 


Cope RU (14) being developed. In this region variations in concentration 
Co | pec from point to point along the tube must be expected. 
VoL. 12, OcToBER 1961 547 BRITISH JOURNAL OF APPLIED PHYSICS 


PRINCIPLES GOVERNING THE VISCOUS FLOW OF SUSPENSOID SOLS 


Thus, if the mean streaming velocity of the particles in 
any disk-shaped element of the tube is v,, it can be shown by 
the repeated use of the argument employed in the derivation 
of Eqn (9), (noting that this applies with equal validity either 
to the element or the whole tube) that the mean concentration, 
Ce, of the sol within that element, is related to the initial 
concentration by 


=e (19) 


Since v, increases systematically along the tube from a 
minimum value, v,,, at the entrance, to a maximum value v, 
where the fully developed core starts, c, diminishes corre- 
spondingly from Cp to Co%m/V,. Thereafter it remains constant 
at the latter value. 

If the maximum concentration in the same disk-shaped 
element is cy, it can be shown, similarly, that 


pee es (20) 
GQ %, = & 

From Eqn (19) therefore 
Pegs See (21) 
& 2008 


but since, as just mentioned, v, increases along the tube, c, 
must also increase. The minimum value cp of c, will, as 
seen from Eqn (21) occur at the entrance, where v, = Up. 
As v, increases, however, c, will increase correspondingly, 
reaching its maximum value cop,/(2¥m — Vo) at the point at 
which the mean concentration cg has diminished to its 
minimum value; thereafter it will remain constant. 

For this reason a thrombus would not be expected to form 
at the entrance to a coronary artery, but rather to develop 
after the point at which c, has reached that value at which 
corpuscles come into contact with one another. 

In the light of these concentration variations, measured 
values of the overall mean tube concentration would be 
expected to be higher when the entrance effects are not 
negligible, for the process of measuring them involves 
averaging over the whole tube length, mean concentrations 
which, up to a point, diminish along the tube. 

Measured values of viscosity would also be expected to be 
higher under these conditions, for the sol in the entrance 
region is only in the process of assuming its least action state. 

The ratio of the mean to the maximum streaming velocity, 
on the other hand, would be expected to be lower when 
entrance effects are significant, for the concentration pattern 
would be less ‘plug-like’ under these conditions. 

In any given case, and since an increase in the least action 
forces gives rise to reduced apparent viscosity, the entrance 
effect can be diminished by any device leading to diminished 
apparent viscosity. A reduction in tube bore (Higginbotham, 
Oliver and Ward 1958), other parameters being unaltered, 
would consequently be expected to reduce the entrance effects. 

Again, and remembering that the least action forces vary 
with particle size and shape characteristics (Starkey 1955, 
1956), the core formed by shearing a sol containing particles 
of various sizes and shapes (and similarly the thrombus 
formed in cases of high hyperconcentration), would be 
expected to exhibit a characteristic arrangement of the par- 
ticles composing it. Thus, for a sol containing particles all 
of the same shape but of several different sizes, a section 
through the core (or through the thrombus), normal to the 
direction of flow, would be expected to display a concentric 
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ring pattern in which the largest particles would be cor 
centrated in the inner rings. 

A review of related researches has recently been publishd 
by G. W. Scott Blair (1958). A list of references to th 
relevant literature is given at the end of this review. 


2. Shear dependence of viscosity of suspensoid sols 


In terms of the mechanism under investigation, and out 
lined in the previous section, variations of viscosity with floy 
rate are fundamentally the result of variations in the magn 
tudes of least action forces, for an increase in the rate ¢c 
flow of a sol through a capillary tube would be expected t 
give rise to increased least action forces, these to diminishe 
core radius and this to reduced apparent viscosity. 

As mentioned previously, however, the formation of | 
fully developed core assumes both the absence of appreciabl 
Brownian movement and shearing in a long tube. Th 
effects described would consequently be expected to be ver 
small indeed for sols whose disperse phases are molecula 
and especially so for shearing in relatively short tubes. | 

Nevertheless, since solute molecules constitute discor 
tinuities in a solution, shearing would be expected to giv 
rise to the formation of vortices (Starkey 1955) and so t 
the least action effects described. Even true solutions the: 
would be expected to show some viscosity shear dependence 
however small, under appropriate conditions, and_ this 
moreover, would be expected to involve viscosity variation 
with rate of flow of the same kind as is met in marked 
shear dependent sols, that is, the apparent viscosity wou 
be expected to decrease with increased flow rate. 

Viscosity-rate of shear curves for those suspensoid so 
which have been shown to be viscosity shear dependen 
indicate a rate of fall of viscosity which decreases as the ra 
of flow is increased. Thus, even in the case of sols showi 
marked viscosity shear dependence only small viscosi 
changes are to be expected in the higher shear-rate rang 
Since the present experiments are intended to investiga 
viscosity shear dependence in sols which are commo 
regarded as Newtonian it is immediately apparent that f 
optimum conditions the lowest shear-rate range attainab 
should be used. An exponential flow type of apparatus w. 
consequently employed in the present investigations since 
is possible by this means to deal with fluids under extreme 
low rate of flow conditions. The apparatus and its metho 
of use are described below. 


2.1. Apparatus and method 


The apparatus used is illustrated to scale in Fig. 2. 
comprises a U tube viscometer, constructed of precisi 
bore tubing and having a capillary of length 12cm a 
internal diameter 0-050 + 0-001 cm, in one limb, a 1 iz 
micrometer screw gauge reading to 0-002 in., and a therm: 
statically controlled water bath. Both the viscometer a 
the micrometer are attached through levelling and clampin 
screws (not shown) to a bridge fixed to the water bath. 
this means the micrometer and the capillary tube can 
made coaxial and vertical and rigidly fixed in relation to o 
another. A platinum wire probe, sealed into a glass tuk 
which passes through a guide ring in the bridge, is fixed t 
the micrometer head; it can consequently be moved vertical 
relative to the free surface of liquid contained in the viscomete| 
by rotating the head. 

The experimental procedure involves the following stag 
After filling the viscometer with the liquid to be tested, it 
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immersed in the water contained in the thermostatic bath, 
the temperature of which can be controlled to 0-01 deg c. 
After levelling the viscometer the liquid in it is allowed to 
approach its equilibrium position until the remaining head 


Fig. 2. Low head viscometer. 


‘becomes too small to be measured by the micrometer, i.e. 
‘it is less than 0:002 in. Repeated readings of the micrometer 
icorresponding with the break of the probe away from the 
‘free surface of the liquid are then taken; the zero reading is 
‘obtained from these. 
' The liquid under test is now displaced by means of a hand 
bulb so as to establish a fixed initial pressure head of 
0-8250 in. It is then allowed to flow under the progressively 
‘diminishing pressure and the times of flow, from the instant 
/at which the head is 0-8250 in., corresponding to the break 
of liquid away from the probe, are recorded for each suc- 
cessive complete revolution of the micrometer. These time 
intervals are measured by two stop watches previously 
calibrated against a National Physical Laboratory standard. 
Under the conditions described the instantaneous head h/ 
‘is, for a Newtonian liquid, exponentially related with the 
cumulative time ¢. That is 
! 


h = he” (1) 
where fig is the value of h at t = 0, i.e. 0-8250 in., and « is a 
constant which, under the given conditions, is proportional 
to the viscosity of the liquid. 

_ For a non-Newtonian liquid « varies with h; it increases 
as the apparent viscosity of the liquid increases. 

In the present series of experiments, values of «, calculated 
from the logarithmic form of Eqn (1) and the corresponding 
values of h, were obtained at a temperature of 25-00° c for 
aach of a number of liquids selected so as to include solutions 
of relatively low molecular weight, polymers on the one 
hand and of non-associated liquids on the other. 
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2.2. Experimental results 


Typical results are shown in Fig. 3, the individual curves 
of which relate to A, carbon tetrachloride, B, 90°% solution 
of phenol in water, C, 2% solution by weight of nylon 
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Fig. 3. Variation of « (and hence of apparent viscosity) with 


applied pressure for A, carbon tetrachloride (« = 50); B, 90% 

phenol/water solution (« = 1850); C, 2°% solution of nylon 

(average m.w. 3876) in 90% phenol/water (« = 3650); D, 2% 

solution of nylon (average m.w. 14900) in 90% phenol/water 
(«% = 7490). 


(average m.w. 3876) in 90% phenol/water and D, 2% solution 
by weight of nylon (average m.w. 14900) in 90 °% phenol/water. 
Of these carbon tetrachloride alone behaves as a Newtonian 
fluid throughout the entire range of pressures used. 

Whilst the other liquids are approximately Newtonian at 
the high pressure end of the range, all show progressive 
increases in apparent viscosity as the pressure is reduced. 
These increases follow the pattern commonly reported for 
markedly shear dependent suspensoid sols, i.e. the rate of 
increase of viscosity rises as the applied pressure diminishes. 
These facts are all consistent with the mechanism outlined 
in §1. 


3. Concentration phenomena in suspensoid sols under shear 


The flow mechanism under consideration requires that the 
mean concentration of a suspensoid sol within a capillary 
tube through which it is flowing, shall always be less than 
that in the reservoir from which it is derived. Further, this 
mean concentration must, for a given sol, diminish relative 
to the concentration in the reservoir as the rate of flow is 
increased. 

In accordance with this mechanism the mean velocity of 
the sol particles at the exit to the tube must be greater than 
that at the tube entrance since particles are in general laterally 
displaced from lower to higher velocity streamlines whilst 
within the tube. Since the mass of sol flowing per second 
and the mean sol concentration under steady state conditions 
are the same at exit and entrance, and yet the mean particle 
velocity is greater at exit than at entrance, the effluent sol 
must have been derived from a less concentrated source 
than the entering sol. That is, the mean concentration 
within the tube must be less than the reservoir concentration. 
And further, since the mean particle velocity at the exit must 
be greater than at the entrance to an extent which increases 
with increases in the values of the least action forces at higher 
flow rates, the mean tube concentration must diminish relative 
to the reservoir concentration as the rate of flow is increased. 

This phenomen of concentration shear dependence was 
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dealt with mathematically in relation to the viscosity shear 
dependence associated with it, in §1 of this paper (see Eqn (13)). 

The experiments described in the present section were 
designed to investigate the validity of this predicted concen- 
tration shear dependence. 


3.1. Apparatus and method 


The apparatus used in the present experiments is illustrated 
in Fig. 4. It consists essentially of a ten-litre storage reservoir 


Fig. 4. Apparatus for the measurement of mean ‘tube’ 
concentrations during flow. 


fitted with a magnetic stirrer and connected via a wide bore 
tap to a small subsidiary reservoir from which three almost 
identical capillary tubes project vertically. The subsidiary 
reservoir was provided with inlet and drainage tubes which 
could be closed by taps. The capillaries were 153 cm long 
and had a combined internal volume of 17:06cm?. The 
upper ends, both of the tube connecting the reservoirs, and 
the capillaries, were fixed near to the centres of the reservoirs. 

A mercury manometer and either an exhaust or a com- 
pression pump (not shown in the diagram) were connected 
to the storage reservoir. By this means measured positive or 
negative pressures could be applied to the free surfaces of the 
suspension contained in this reservoir. 

The suspension used in these experiments consisted of 
polystyrene beads in a glycol-water solution of the same 
density, to which 1 cm? of Teepol was added for each 100 g 
of beads used. The initial concentration of the suspension, 
obtained by a method to be described later, was 1-52 + 0:08 g 
of beads per 100 cm? of suspension. The size range of the 
beads, obtained from standard sieves, was 251 to 422 bh. 

For experiments of the present kind a very high degree of 
suspension stability is necessary and the following pre- 
cautions were taken to ensure as far as possible that this 
requirement was met. The suspension was made by shaking 
together the sieved beads and the water—glycol solution, 
which had previously been made up to approximately the 
same density as the beads. Afterwards a few drops of glycol 
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or water were added until no visible sedimentation occurred 
If a sample of this suspension placed in a measuring cylinder 
adjacent to the storage reservoir showed no flocculation o1 
sedimentation after standing for about an hour, the suspension 
was regarded as sufficiently stable for the present purpose. 
Arrangements were made so that as soon as this condition 
was achieved the main part of the experiments could be 
carried out within a relatively very short time. Under these 
conditions, and in view of the fact that a large volume of 
suspension was employed, the temperature within the latter 
remained very closely constant at 19-0° c throughout the 
experiment. 

The experiments involved the measurement of the con- 
centration of the suspension in the reservoir and the mean 
concentration of the suspension flowing in the capillaries 
under each of a series of applied pressure differences. The 
former concentration was measured as follows. After 
adjusting the pressure to some given value the suspension 
was allowed to flow to waste through the capillaries. When 
steady state conditions had been obtained a 100 cm? sample 
of the effluent suspension was collected in a standard flask 
such that when completely full it contained the volume 
specified. The suspension so collected was then filtered 
through a weighed Gooch crucible and the beads, after 
washing several times with water, were dried to constant 
weight in an air oven maintained at 60° c to 70°c. The 
reproducibility of the weight of the dry beads obtained 
provided an indication both of the stability of the suspension: 
and of the existence of the steady state conditions referred 


to. The concentration of the suspension in the reservo 
was calculated from these data. 

Immediately after collecting the sample of effluent sus- 
pension, flow was suddenly stopped by closing the lower ends 
of the capillaries. The supply from the storage reservoir was 
also cut off and the subsidiary reservoir was emptied throug | 
the drainage tube. The contents of the completely filled 
capillaries were then allowed to run into a flask and thes 
tubes were washed several times with water into the same 
flask. So as to increase the accuracy of the determinatio 
this process was carried out six times under the same con 
ditions, and, after washing and drying the beads collected 
as before, the weight of the beads contained in the suspensiong| 
of the eighteen tubes was found. From this data, knowing! 
the total internal volume of the capillaries, the mean com] 
centration of the suspension flowing in them, and hence the 
ratio of this mean concentration to the initial suspensio 
concentration, was determined. 

The whole experiment was then repeated at each of a serieg| 
of applied pressures. 


3.2. Experimental results 


Values of the concentration ratio varied in the manner 
illustrated in Fig. 5 between pressures of —4 and +24 cm Hgj 
Within this range the values of the ratio, as shown by the 
scatter of points about the curve, were reproducible tc 
within about +1%. Outside this range, however, the 
variability in ratio values was appreciably higher than this; 
At pressures below —6cm Hg there was evidence of floc- 
culation within the tubes (though not in the reservoir) and 
correspondingly low ratio values, well below unity, were 
obtained, whilst at a pressure of about +22 cm Hg, turbulence 
set in. 

The results obtained confirm the theoretical conclusions 
mentioned in the first paragraph of §3. 
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Variation in mean ‘tube’ concentration with applied 
pressure. 


‘Fig. 5. 


4. Velocity profile phenomena in suspensoid sols under shear 


| As explained in §1 of this paper the operation of least 
ction forces would be expected to lead to the development 
f a concentration distribution within a suspensoid sol 
owing in a capillary tube, such that maximum concentration 
ccurs in the axial region of the tube. The characteristic 
lattened paraboliform’ velocity profile (Vejlens 1938) 
bservable in such flow can readily be associated with this 
pneentration distribution, for the central flattened region 
’ the profile defines the ‘core’ in those cases where the 
ntrance effect’ is negligible. 

| Since changes in relative viscosity arise as a result of changes 
| core radius the velocity profile would be expected to vary 
ith the relative viscosity. Thus, at very high relative vis- 
ysities, the associated core would be expected to extend 
arly to the tube wall, and with it, the flattened region of 
ie velocity profile. As viscosity is gradually reduced, 
owever, the diameter of the core would progressively 
;minish, and the velocity profile would therefore approxi- 
sate more and more closely to the parabolic form charac- 
istic of the approximately Newtonian suspension fluid. 
|These velocity profile changes were considered in §1.2 
here they were related to the associated changes in apparent 
jscosity and concentration. It was shown there that the 
tio of the mean to the maximum velocity would be expected 
» increase between the limits of one half and unity as the 
lative viscosity is increased from unity to some very high 
ilue. The experiments described in the present section were 
ssigned to investigate these variations in the velocity ratios. 


4.1. Apparatus and method 


The apparatus used in the present experiments was designed 
‘r the simultaneous measurement of the viscosity and 
tlocity ratios for each of a series of sols identical in all 
ispects except concentration. It is illustrated in Fig. 6. 
'The apparatus consists essentially of a U-tube viscometer 
‘th one limb of length 117-5 cm and bore 0-139 cm, and 
ie other of the same length but having a bore of 2-5 cm. 
nese tubes are inserted into two identical reservoirs and are 
ranged so that their ends are near the centres of the 
‘Servoirs. 

Identical floats, which rest on the liquid in these reservoirs, 
rry fine horizontal cross-wires. A plane mirror is fixed 
idway between these cross-wires so making it possible to 
yserve the coincidence of one wire with the mirror image 
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of the other without parallax. A jet, supplied from a separate 
adjustable reservoir, enters the U-tube near the lower end 
of the capillary limb. It is aligned with the axis of the 
capillary. 

The sols used throughout consisted of polystyrene beads 
of diameters 422 w and below, suspended in glycerol—water 
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Fig. 6. Apparatus for the simultaneous measurement of 
velocity and viscosity ratios. 


mixtures of the same density (1 cm? of Teepol was added per 
100g of beads to stabilize the sols). -An indicator fluid 
consisting of a blue dye in a glycerol-water mixture of the 
same density as the suspensions was employed for the 
measurement of maximum velocities. 

Each experiment involved the measurement of the relative 
viscosity of the sol and the corresponding ratio of its mean 
to its maximum velocity of flow in the capillary. Values of 
the former ratio were obtained by timing the flow of a fixed 
volume of a given suspension, and of an equal volume of the 
suspension fluid alone, between fixed levels indicated by 
coincidences of the two cross-wires, 0-5 cm apart, and carried 
by the one float, with the image of the cross-wire carried by 
the other float, the flow taking place under a mean pressure 
head of 8cm of sol. The maximum velocity was obtained 
by timing the leading tip of a stream of dyestuff admitted 
to the sol under a pressure just sufficient for it to emerge 
from the jet, between fixed marks on the capillary tube. The 
mean velocity values, and thence the values of the velocity 
ratio were obtained by dividing the rate of flow of the sol 
by the sectional area of the tube. 

Relative measurements on solvent and sol were made in 
rapid succession to minimize the temperature changes; the 
temperature was held constant throughout the whole range 
of experiments to 20 + 2° c. Since relative viscosity values 
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have small temperature coefficients, this precaution was 
adequate without the complication of a thermostatic bath. 

Precautions were taken to ensure the stability of the sols 
throughout the series of experiments. These included the 
arrangement of the vertical limb tubes with their open ends 
central in the reservoirs, the arrangement of experiments to 
occupy minimum time, and the use both of very large volumes 
of sol and of velocity and viscosity ratios obtained from 
quantities measured almost simultaneously. 

Three sets of experiments as described above were carried 
out. In each set, experiments were made to determine 
corresponding values of the viscosity and velocity ratios for 
each of a series of sol concentrations from zero, increasing 
by 5% concentration steps, to 40%. Sets differed only with 
regard to the internal diameter of the capillary used; in the 
last two sets capillaries of 0-186 cm and 0-280 cm replaced 
the capillary of 0-139 cm diameter previously mentioned. 


4.2. Experimental results 


The results obtained are indicated in Fig. 7 in which 
curves B, C and D relate to experiments carried out with 


1007 


09 


° 
io 


Velocity ratio 
° 
SI 


a 
06 
ee ee 
05 2 2 1 4 te a 
10 i 12 13 14 17 18 9 20 2 


15 16 
1) rel 


Fig. 7. Variation of velocity ratio with relative viscosity using 
tubes of diameter B, 0-139 cm; C, 0-186 cm; and D, 0-280 cm. 
(Curve A is theoretical). 


capillary tubes whose internal diameters are 0-139 cm, 
0-186 cm, and 0:280cm respectively. Curve A is plotted 
from Eqn (13) of §1 of this paper. 

The experimental curves show that the velocity ratio in 
all cases increases from a minimum value of 0-5 at zero 
concentration to a maximum value which is always less than 
unity. This implies a velocity profile which changes pro- 
gressively with relative viscosity froin the parabolic type 
characteristic of an approximately Newtonian fluid at a 
relative viscosity of unity to a flattened paraboliform profile 
in which the central flattened region extends nearer to the 
tube wall as relative viscosity increases. Further, the curves 
show that profile changes occur most rapidly in the lower 
part of the relative viscosity range. 

In carrying out the experiments, curve B was obtained first. 
Although it has the same general form as the theoretical 
curve A, it was found not to be coincident with it. The 
discrepancy between these two curves can however be 
accounted for qualitatively in every detail in terms of the 
entrance effect discussed in §1.2.8. (The theoretical curve, it 
will be remembered, is obtained from an equation in the 
derivation of which the entrance effect is neglected and 
which therefore would be expected to apply quantitatively 
only when very long capillary tubes are used. The tubes 
used in the present experiments were relatively short.) As 
explained there the entrance effect would be expected to 
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have greater significance, other conditions remaining tl 
same, in wider bore tubes. It was for this reason that tl 
experiments yielding curves C and D were carried out. A 
the results show, discrepancies between theoretical ar 
experimental values diminish with a decrease in tube radiu 
that is as the entrance effect is reduced. 

Attempts were made to use concentrations In excess | 
40°% but these led to considerable difficulties as a result « 
the continual blockage of the finest tube used, presumab 
through thrombosis. 


5. Summary and conclusions 
5.1. Summary of the results 


The mechanism on which the present work is base; 
depends upon the existence of least action forces which ari: 
during the shearing of a sol, and operate on the particles « 
the disperse phase, so as in general to displace them from tk 
streamlines on which they initially move, to other streamlin; 
where the velocity gradient is lower. The operation of the: 
forces results in the development, within a sol under shea 
of a concentration pattern, characterized by an absence « 
particles in the highest shear rate region of the system, and! 
concentration of particles where the lowest rates of shez 
prevail. (Under appropriate conditions such patterns ca 
be made apparent (Starkey and James 1956).) 

By relating mathematically various parameters associate 
with the concentration pattern characteristic of flow throug 
a capillary tube, the following conclusions were reached: 

(1) Viscosity shear dependence is a characteristic of 
suspensoid sols and observable increases in apparent viscosi 
must be expected to occur if the flow rate is reduc 
sufficiently. 

(2) This shear dependence of viscosity is due to changes 
the parameters defining the concentration pattern; these 
be accounted for in terms of changes in the magnitudes : 
least action forces with flow rate. 

(3) The mean concentration of a suspensoid sol flowi 
through a capillary tube is always less than the concentrati 
in the reservoir from which it is derived. 

(4) The mean concentration in an element of a capilla 
taken over the whole cross section, varies along the tu 
from a maximum value (equal to the reservoir concentratio 
at the tube entrance, to a minimum value at some poi 
nearer to the exit. 

(5) The mean overall concentration in a capillary is she 
dependent; it lies in the case of flow through a long capilla 
tube between theoretical limits of one half of the resery: 
concentration and the reservoir concentration itself. 

(6) The velocity profile in a tube (as defined by the rat 
of the mean to the maximum velocity) is shear depende 
This ratio also lies between theoretical limits of one half a 
one. 

(7) The ratio of the mean velocity to the maximum velocit 
is, for a sol whose particles show no appreciable Browni 
movement, and in a long tube, related with the relatiy 
viscosity, 7)re, measured under the same conditions, by 
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are the mean and maximum velociti« 


where UV, and v, 
respectively. | 

(8) Under the conditions stipulated in (7) above, the rat3 
of mean to maximum velocity is equal to the ratio of me 
tube concentration to reservoir concentration. 
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(9) The maximum concentration of the sol flowing in a 
ibe is always greater than the concentration in the reservoir. 
(10) The value of the concentration in the axial region 
aries systematically from point to point along the length 
f the tube. At the entrance it is equal both to the mean 
yncentration and to the reservoir concentration, but 
\creases to a maximum value as the exit end is approached. 
(11) The hyperconcentration which develops in the axial 
gion of a tube can under appropriate conditions reach 
ctremely high values. It is presumably the cause of the 
yrmation of a thrombus in coronary thrombosis. 

The experimental work described in the preceding sections 
* this paper was designed for the investigation of the 
\eoretical conclusions numbered (1), (3), (5), (6) and (7) 
sove. The results obtained support these conclusions. 


5.2. Some consequences of the results 


‘In the light of these results the method of deriving viscosity— 
yncentration relationships initiated by Einstein (1906) and 
absequently developed by various authors in attempts to 
scount for a variety of flow phenomena in suspensoid sols, 
xems to be fundamentally unsound in the respect that it is 
ased on the assumption that the random distribution of the 
articles throughout a suspensoid sol at rest, holds also 
ader shear. The present results suggest that in a stable 
ispensoid sol under shear a concentration pattern exists; 
is is not consistent with the assumption of random particle 
‘stribution. 

The use of the assumption of random particle distribution 
fithin a sol can lead at best therefore only to approximate 
bsults. or sols, and particularly for molecularly dispersed 
yls, undergoing shear in relatively short and wide tubes, 
sere is, however, no reason to expect the approximation to 
2 other than close. The measure of agreement between the 
scosity—concentration relationship derived by Einstein and 
<perimental results obtained under the conditions just 
ientioned, has, however, apparently encouraged the making 
* the further assumptions mentioned previously regarding 
ie parts played by the various characteristics of the particles 
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of the disperse phases, as a basis for explaining the shear 
dependence of viscosity and other flow phenomena. Whilst 
these further assumptions may or may not have some 
relevance in particular cases they cannot completely account 
for these phenomena. 
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Abstract 


The parameters of microtome sectioning are defined, and 
the use of the diamond knife ultra microtome for metal- 
lurgical studies is described. The effect of cutting stresses 
on the formation of sections is discussed. It is reasoned 
that vibration of parts of the cutting system would only be 
excited by the first impact of the specimen or the knife 
and not by the forces acting on them throughout cutting. 
Vibration is shown to produce smooth variations in 
section thickness, the thickness being constant all along 
any normal to the direction of cutting, and varying along 
the direction of cutting. Knife marks are shown to be 
due to variations in cutting stress associated with knife 
edge defects; these produce variations in the thickness and 
structure of the section, even when the mechanism proposed 
by Farrant cannot apply. Some folds and wrinkles are 
explained as being due to variation in cutting stress due 
to variations in knife edge quality. All the above defects 
can be avoided by a proper choice of experimental con- 
ditions, but it is shown that there is a shear stress imposed 
on the section during cutting which in the majority of 
cases permanently deforms it, producing a surface structure 
characteristic of the material being cut. 


Introduction 


LTRA-THIN Sectioning is well established as a technique 
| for the preparation of embedded biological tissues for 


transmission electron microscopy. A number of 
workers (Fernandez-Moran 1956a, Reimer 1959a, b, Menter 
1958, Haansbra 1955, Phillips 1961) have extended the appli- 
cation of the technique to cover pure metals and alloys, and 
other hard materials. It has been widely felt that such 
sections do not provide useful metallurgical and physical 
information about the sample from which they were obtained 
because of the stresses which are present during the cutting 
process. The exact nature and effects of these stresses have 
not, however, been investigated. The purpose of this paper 
is to report the results of the initial work in a long-term study 
of the processes involved in cutting sections, with particular 
emphasis on the processes involved in cutting metals, and the 
information this provides about the sectioning of other 
materials. This type of study is relevant to two broader 
fields of applied science—the machining of metals and the 
application of microtomy to electron-metallography. 

More detailed descriptions of the application of the ultra 
microtome to both these subjects will be described in later 
papers. Here the main consideration is the effect of the 
cutting processes on the structure of the section obtained 
with the ultra microtome. 
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The ultra microtome 


The ultra microtome (Fernandez-Moran 1956b, 195) 
Porter and Blum 1953, Hellstrom 1960, Huxley 1959, Farray 
and Powell 1956, Sitte 1955) is a machine which takes | 
specimen past a keen cutting edge at intervals while providit 
a very small advance of the specimen toward the knife ed} 
during each interval, so that, once the specimen meets tl 
knife, a thin section is removed from the specimen each tin 
it is brought past the cutting edge. 

A reservoir of liquid is maintained behind the cutting edgi 
and the sections may subsequently be collected from t} 
surface of this liquid. In all the work described in this papé 
the cutting edge is a specially prepared diamond (Fernand 
Moran 1956a). 


Definition of terms and parameters 


Figure 1 shows a schematic representation of the relati 
of the specimen to the knife during microtomy. It al 
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direction 
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Fig. 1: Schematic representation of cutting system in micro- 


tome sectioning and definition of parameters. 


defines the terms used in this paper to describe the varioy 
cutting parameters which are as follows: 

The plane of cutting: The plane defined by the knife ct 
and the direction of cutting. 

Clearance angle «: The angle between the front face of tf 
knife and the plane of cutting. 
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Knife angle 8: The angle between the two polished faces 
of the knife (the rake and clearance faces). 

Rake angle y: The angle between the upper face of the 
cnife and the normal to the plane of cutting. 


The preparation of specimens for sectioning 


In order to avoid unnecessary knife wear, and to minimize 

the stresses set up in the instrument, it is desirable to cut 
sections of the smallest area compatible with reasonable ease 
of handling and with the extraction of the required informa- 
ion from them. The specimen grips require a cylinder about 
)-S cm in diameter; therefore a tip has to be formed at the 
md of the cylinder so that a much reduced dimension is 
yresented to the knife edge. A typical section area for the 
ofter metals is 0-1 mm x 0-1 mm, though for very hard 
netals it may be much smaller than this, and for biological 
specimens the linear dimension may be as high as 1 mm. 
3ecause sections are more easily handled and may be studied 
us a series if they are produced edge to edge in a straight line, 
siological workers have trimmed right pyramidal tips on 
ae specimens. The sections then have parallel sides which 
acilitates the formation of the desired ‘ribbon’. Biological 
{pecimens are trimmed with a razor blade, but metals and 
iard materials require a special technique. A jig has been 
‘levised which enables the four faces of a right pyramid with 
semi-angle of 50° (to provide adequate rigidity without a 
‘oo rapid increase in area during sectioning) to be prepared 
»y normal metallographic grinding down to 4/0 grid emery 
yaper (i.e. each face of the pyramid is ground on successively 
iner grades, the direction of grinding being changed by 90° 
tt each change of paper). Comparison of the arcing of the 
naxima in selected area diffraction patterns from sections 
‘ut off a tip of copper prepared in various ways (fine filing, 
oarse grinding), has shown that this procedure is necessary 
f the volume which will subsequently be sectioned is not to 
ye severely worked in the tip preparation. 
' Serial sections are not so important in studies of metals, 
nd in the case of very hard material it may be advantageous 
o dispense with the easier handling allowed by ribbon 
ormation in order to reduce the impact when the specimen 
irst meets the knife. Thus it may be better to prepare a 
hree-sided tip, and orient it so that the knife meets one of 
he edges common to two of the sides of the tip. A triangular 
ection would then be cut with the cutting direction running 
rom apex to base. 


Setting up the microtome 


For minimum distortion of the section during cutting, and 
or maximum resistance of the knife edge to fracture and wear, 
he clearance angle must be a minimum, thus making the 
ake angle a maximum for a given knife angle. Even using 
imple ancillary optical equipment, the best accuracy that 
an be obtained in the setting of the clearance angle is to 
bout 0:5°. As the clearance angle must be positive in order 
o avoid compressing the specimen after cutting, it seems best, 
herefore, to aim at a clearance angle setting of 0-5° to 1°. 

Next, the reservoir behind the knife should be filled with 
suitable liquid so that the meniscus at the cutting edge is 
orizontal and all the edge is wetted. Distilled water has a 
ood combination of physical properties—relatively high 
urface tension, low viscosity and low rate of evaporation. 
t therefore provides easy transport of the sections from the 
nife edge as other sections are produced, allows the sections 
9 float so that they are easy to collect, and avoids the need 
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for frequent adjustments to the meniscus. Distilled water is 
also clean, but otherwise its chemical properties are less 
attractive than the physical. Sections of metals which 
oxidize very readily convert completely to oxide when on 
water, and in this case mechanically less desirable fluids, e.g. 
xylol, have to be used. 

The main precaution in commencing sectioning (apart 
from the obvious one of adequately clamping all adjustments 
and vices) is to ensure that the first cut is of the same order 
of thickness as that required in the sections for the electron 
microscope. The stereoscopic binocular microscopes uni- 
versally used on microtomes, however, have such a low 
numerical aperture that they cannot resolve less than about 
5 microns under typical illuminating conditions. Thus it is 
not possible to approach the knife edge sensitively with visual 
control. The 5-micron gap must be closed with fine adjust- 
ments, with the employment of the microtome advance 
mechanism in such a way that the first cut removes less than 
1000 A from the specimen. If this is not done, the portion 
of the knife in use will not be at its best for cutting thin 
sections, and in the case of hard materials will probably be 
spoilt before any useful sections are obtained. 


Features arising in sections due to the cutting conditions 


In addition to features corresponding to the structure of 
the specimen from which they were cut, sections may show 
features due to (i) instrumental defects, (ii) the stresses which 
exist in the section during cutting, (iii) the local variations of 
the cutting stresses due to the instrumental defects. 


(i) Features due to instrumental defects 


Instrumental defects may be subdivided into knife edge 
defects and unwanted movements of the specimen with 
respect to the knife edge. 


(a) Knife edge defects 


In general a chip in the knife edge means that the rake 
angle is less, that the cutting edge is farther back and the 
clearance angle may locally be negative. The decrease in 
rake angle produces greater strain in the section, which 
results in greater section thickness or local fractures along the 
track, thus producing contrast along the track of a defect 
(knife mark). Knife edge defects also leave grooves on the 
cut surface. Because the local clearance angle may be 
negative, local compression and surface roughening may also 
occur along the grooves, and this affects the contrast in the 
next section. 


(b) Extraneous movements of the specimen with respect to 
the knife edge 


The unwanted movements of the specimen with respect to 
the knife edge are any which are in addition to the intended 
displacement of the specimen towards the knife (specimen 
advance) and the cutting stroke. The unwanted movements 
may be random or periodic and may be resolved into three 
components, parallel to the knife edge, parallel to the direc- 
tion of specimen advance and parallel to the direction of 
cutting. 

Random movements. Farrant and Powell (1956) have 
pointed out that a displacement of the specimen along the 
knife edge between cuts produces variations in section 
thickness across the tracks of defects in the cutting edge 
(Fig. 2(a)). If this type of displacement can be avoided, the 
sections will be of much more uniform thickness along the 
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direction of viewing, even if the cutting edge contains defects 
(Fig. 2(b)), although there will still be contrast on the tracks 
of the defects as explained above. 


‘ outline of 
A section on plane 
) normal to direction 

: of cutting 

B 

i 

t 

A 


(b) 


Fig. 2. (a) Variations in section thickness due to excursion 

of specimen along defective knife edge between cuts. 

(b) Approximately constant thickness of section cut by 

defective knife edge, despite lateral excursions of the specimen 
between cuts. 


Figure 3 shows coarse parallel lines of different widths, 
in both dark and light contrast. These run in the direction 
of cutting and are due to knife edge defects. Random 
movements in the direction of specimen advance produce 


Fig. 3. Knife marks on an aluminium section. 9000 (in 
all the micrographs the cutting direction is approximately 
horizontal). 


wide irregular variations in thickness along a section or from 
section to section. Random movements in the direction of 
cutting produce variations in cutting speed. The final effect 
of this is as yet unknown, but is unlikely to be very significant. 

Periodic movements (vibrations). In line with engineering 
practice, which has also been followed in the definition of 
angles, the term chatter will be used to describe relative 
vibration of the specimen and knife, and its effect. 

Vibration in which the amplitude is parallel to the knife 
edge is unlikely to be excited during sectioning; that in which 
the amplitude is parallel to the direction of cutting is one of 
the more probable practical cases, but as in the case of the 
equivalent random movement is unlikely to have an important 
effect. Periodic movement along the direction of specimen 
advance produces regular variations in the thickness of 
section (unless the vibrations in successive cuts are exactly in 
phase) and a regularly undulating cut surface on the specimen. 


These effects are not to be confused with the fine scale ling 
structure later interpreted as slip lines due to cutting stresses | 
The peaks (and troughs) of the undulations will, of course} 
be normal to the direction of cutting, and be continuous| 
across the section and cut area. These features are aids in| 
deducing when ‘chatter’ has been excited. Simple formu-| 
lation of the problem shows that the forces involved in th¢ 
cutting process are unidirectional and non-periodic. Cal.) 
culation shows that they are insufficient to produce a signi- 
ficant distortion of the system (Brown and Phillips 1961); 
Thus the stresses involved during the equilibrium cutting of 
metal are not of the correct type, and are insufficient wu 
magnitude for producing chatter. It is thought therefore 
that chatter is vibration set up by the first impact of the 
specimen with the knife. The fact that lower speeds are less 
conducive to chatter is consistent with this interpretation, 
which has also been presented by Gettner and Ornstein (1956) 

The location of the vibrating member has not yet been found, 


(ii) Features due to cutting stresses 


Sections of pure metals are often characterized by fine 
lines (Fig. 4) running approximately normal to the direction 


Fig. 4. Fine lines on an aluminium section. x 100000. 


of cutting. These lines are associated with the surface topo- 
graphy of the sections as is proved by the following experi 
mental observations: 

(a) There are Fresnel fringes associated with the lines inl 
out-of-focus micrographs (i.e. Fig. 4 is slightly underfocused)} 
Suggesting that there is a sharp discontinuity in sectionl 
thickness at each line. 

(6) Replicas of the top side of sections show a structure 
on the same scale as the fine lines. Fig. 5 is a replica prepared 
by Bradley (1959) from a section similar to that photographed 
in transmission in Fig. 6. Replicas from the bottom of the 
sections and from the cut tip of the specimen do not appear 
to show structure in this direction. 

(c) Sections which have been embedded and resectioned 
in a plane parallel to the original direction and normal to 
the original plane of cutting usually show a pronounced 
structure on the side corresponding to the top of the original 
section. Sufficiently thin sections of a section have not yet 
been obtained however, for a detailed analysis of the structure 
to be made. 


It must be emphasized that these lines are very sharp and 
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Fig. 5. Platinum-—carbon replica of the top surface of an 


aluminium section. 8000. 


Fig. 6. Aluminium section cut from same specimen, very close 
to and under the same condition as that replicated in Fig. 5. 
x 8000. 


ay be quite short and very finely spaced, in contrast to 
atter markings which are broad and extend right across 
e section. 

Workers in the field of the physics of machining have 
10wn that a plane of high shear stress exists from the tool 
p to the outer surface of the chip (Ernst 1938, Merchant 
350). Fig. 7 is reproduced from Merchant’s paper. The 


plane of maximum 
shear stress 


specimen 


Fig. 7. Schematic representation of a section (in which 
plastic deformation occurs (after Merchant (1950)). 
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shear stress arises because the material being cut from the 
block has to be transferred from the plane of cutting to 
the rake face of the knife, and is greater the smaller the 
rake angle. It is suggested that the fine line structure 
of Fig. 4 represents slip lines formed in the relief or 
partial relief of the shear stress. It is an immediate 
consequence of this deformation during cutting that the 
section is usually thicker than the amount of specimen 
advance, and that the material is shorter in the direction of 
cutting in the section than it was before cutting in the 
specimen. The amount of thickening and shortening involved 
increases as the rake angle decreases. 

Electron diffraction shows that the change in orientation 
of face-centred cubic metals on cutting is often that which 
would be expected on the shear theory of section formation. 
There is usually, however, a second orientation present which 
is not accounted for on the simple theory and which may 
indicate either that more careful experimentation is required 
to achieve the initial assumptions of the theory, or that the 
theory itself requires elaboration. 

It may be mentioned here that the effect of the shear stress 
on the structure of the section depends on the material being 
sectioned. The shear stress, as has been explained, produces 
slip lines on sections of ductile metal. In other cases it 
produces homogeneous plastic shear, fracture and/or purely 
elastic distortion. The conditions aimed at in the sectioning 
of biological blocks is that the distortion shall be purely 
elastic and be completely removed when the section is free 
of stress at the end of the cut. The fact that most biological 
sections are shorter than the face from which they were cut 
indicates that this is rarely the case in practice. It would 
further seem that compression is a slightly misleading term 
for this shortening which plasticity theory shows to be 
mainly due to shear strain. Details of the types of sections 
formed from a wide range of materials and the mechanisms 
involved will shortly be published at length. 

The evidence submitted here, together with that presented 
by others, suggests that the very fine scale surface structures 
revealed on methacrylate sections by low beam techniques 
in the electron microscope (Morgan, Moore and Rose 1956) 
and heavy metal shadowing (Williams and Kallman 1955) 
are the result of the deformation of the impregnated tissue 
in the section under the stress which acts in it during cutting. 
The comments of the above workers seem to be in agreement 
with this, but discussion has since been confused by authors 
who refer to these structures as a form of chatter. 


(iii) Effects due to local variations of cutting stresses 


Optical examination of metal sections almost invariably 
shows them to be rumpled. This effect is also sometimes 
found in methacrylate and araldite. In severe cases, material 
is folded right back on itself, and a transmission electron 
micrograph of a badly folded section is shown in Fig. 8. 
The processes involved in forming rumples and folds are not 
fully understood; their formation is minimized by the use of 
a smooth, clean, lubricated knife face, sharp cutting edge, 
large rake angle and correctly adjusted liquid meniscus. 
However, much more folding is encountered in copper than 
in aluminium, for example, and its incidence seems to vary 
with thickness ot cut. The details of the form of the folds 
and rumples are controlled to some extent by the degree and 
distribution of knife marks. 

In a simple picture of folding, the part of the section 
already cut may be held up on the knife face by other sections 
or the form of the liquid meniscus, so that a following part 
of the section has to bow out over the first part. 
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Fig. 8. Badly folded section of copper. 8000. 


Fig. 9. Fold bounded by knife marks in an aluminium 
section. 4000. 


Figure 9 shows a section in which rows of folds or wrinkles 
are bounded by knife marks. The rake angle is less at knife 
marks, and produces a greater shear strain which in turn 
results in a specimen which is thicker and shorter along the 
band of the knife mark, than where the cutting edge was 
more perfect. The only way in which the differences in 
length can be accommodated without tearing is by the 
buckling of the longer portions. 


Conclusions 


Thin sections obtained with an ultra microtome may show 
a number of features which are purely due to the cutting 
stresses and the processes they excite in the specimen. These 
features and their origins may be analysed as follows: 

(i) Instrumental vibrations—these may produce a wavy 
section, or one with a periodic variation in thickness. Tests 
have been suggested which will indicate when vibrations are 
occurring. The amplitude of the vibrations in a given speci- 
men will be reduced by decreasing the width of the area cut, 
decreasing the section thickness, and decreasing the cutting 
speed. 
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(ii) Knife marks and tears—these are due to defects of 
and on, the cutting edge, which when combined with thy 
effects of lateral excursion of the specimen produce variatio1 
in thickness across the section or tears. Even in the absenci 
of lateral excursions, the specimen has contrast along knifi 
marks in transmission micrographs due to a different structur} 
which arises from the increased cutting stresses associate¢ 
with the defect. 

(iii) Folds and wrinkles—these arise because of resistanc¢ 
to the free passage of the section from the knife face and fron 
variation in the quality of the knife edge. 

(iv) Surface structure of the section—this arises because o 
fracture or deformation due to the shear stress which operate: 
during thin sectioning. 

As expressed here, these conclusions apply to biologica 
sections and sections of plastics as well as to metal sections 
the exact incidence of the different features depending on the 
mechanical properties of the materia] being sectioned. 
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Abstract 


The effect of string rigidity on the capstan equation is 
considered. Two cases which cover the most likely 
situations are distinguished—contact of the string with the 
peg at a point, and contact over an arc. The analysis of 
these situations is facilitated by an approximation derived 
for the curvature for the leads of string on either side of 
the peg. If the friction is governed by Amontons’ law the 
correction of the capstan equation for string rigidity will 
usually be small, but in the case of arc contact and load- 
‘dependent coefficient of friction, the correction could be 
important. 


1. Introduction 


| HEN a taut string slides round a peg, friction causes 
| the tension to vary along the string. If the string 

\ \ is perfectly flexible, the friction limiting and 
described by Amontons’ law, the tensions 7;, 7, on the 
tauter and slacker sides respectively are related to M, the 
angular displacement of the string, and to p, the coefficient 
of friction, by the capstan equation 


= = evo, (1) 
2 

If the string has rigidity it will bow out, so that the tangents 
‘0 the string at the ends of its arc of contact with the peg will 
de inclined to the lines of action of the forces pulling on the 
string ends. Thus the angular displacement of the string 
while it is in contact with the peg will be less than the total 
angular displacement of the string between the points of 
application of the holding forces. This point was made by 
M. W. Pascoe (see Howell, Mieskes and Tabor 1959, p. 50), 
who suggested that this bowing could cause a reduction in 
he tension drop from the tauter to the slacker side of the 
yeg—assuming the capstan equation (Eqn 1) holds on this 
irc of contact. 
| In this paper we discuss two simple cases which can arise— 
joint contact and arc contact. Point contact may arise if 
‘he angular displacement of the string is small, the tensions 
ow, or the radius of curvature of the peg small. The condi- 
ions for such point contact are derived, and the appropriate 
capstan’ equation is established. 

If the contact is not at a point then it should be over an 
re. In this case, in addition to distributed reaction forces 
»xetween the string and the peg (7/p per unit length of string 
or a circular cylindrical peg of radius p) there are concentra- 
ed reaction forces acting at the ends of the arc of contact. 
Within the arc of contact the shear force in the string is 
overned by the peg radius of curvature (in case of a circular 
‘eg section, the shear force in string is zero in the arc of 
ontact), whilst outside the arc of contact the shear force in 
he string balances the component of the holding force 
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normal to the string. Thus a concentrated reaction at an 
end of the arc of contact balances the difference between the 
shear forces just outside and just inside the arc. The friction 
forces associated with these concentrated reactions make up 
the reduction in tension drop caused by bowing to the first 
order, so that corrections for rigidity to the capstan equation 
are of second order, and usually negligible. 


2. Approximation of curvature in leads 


In the subsequent analysis we use an approximation for 
the curvature in the leads of string to the peg: 


do Eine ; 
=— — 149 
ds a) Samat: 


where P, is the magnitude of the holding force, B the rigidity 
modulus of the string and a — @ the angle between the 
tangent to the string at the current point and the holding 
force Po. 

The error in this approximation is small when (i) the 
manner of holding is restricted, (ii) @ is less than 7, (iii) the 
length x of the projection of the lead of string on to the line 
of action of the holding force is large compared with a 
length c, where c = (B/Pp)'/?, so that 2 exp (—2x/c) <1. 
The restriction on the manner of holding will be discussed 


below. 
N ah 


T 


2) 
M 
PR / patie 10 
L oc = 
Fig. 1. Forces and moments on a lead of string. 


With s the curvilinear distance along the string from the 
point of holding, s = 0, 7 — 6 the angle between the string 
and the force Po (see Fig. 1) we define c as above, o = s/c, 
¢ =430. Then the curvature in the string is given by 


do 2(Pay" dd 


ds B do’ 
and the bending moment 
dé i dh 
MiB oF 2(BP») ae 


The end conditions are, at c=0, 6=¢y and dd/da =(dd/do)o. 
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Balancing the forces acting on the interval of string (0, s) 
normal to the tangent at the current end, we obtain for the 
shear force N = —Py sin 2¢. 

The equation derived from the relationship between the 
shear force and the bending moment N = — dM/ds reduces to 

d ie Ly 
do- 


This equation can be written in either of the forms 


eee + sin t) = cos (2 + sin b) = 0, 


which integrate to give the two equations 


snd -{(2), sans} o0( ft) 


By a simple ayes we then obtain 


iit é(1 +; + 


2ae—% =) (2) 


Oe B 
where 


eee ihe ieee = 2] cos $d. 


Eqn (2) is exact within the beam approximation hypothesis. 
The approximation to be used is obtained by neglecting the 
second term in the parentheses: 


If (db/do)o and sin 4 are of the same sign, |x| <1. The 
extremes of this range represent the well-known end condi- 
tions ‘clamped’ and ‘freely hinged’. When the end s = 0 is 
clamped ¢ = 0, so « = 1; when freely hinged, (dd/do)) = 0 
anda = — 1, 

If ¢ is limited to be in the range —47 < d <4, 


£08 > cos 2 and >? | cos 26do = >, 


where x is the length of the projection of the string on to the 
line of action of the force Po, as indicated in Fig. 1. 

So, if sin do and (d¢/do)y are of the same sign, and x > c 
and positive, so that 2 exp(—2x/c) <1, ddé/do ~ sin 4, 
with a fractional error of the order of 2 exp (—2x/c). 


Restriction on manner of holding 


If x is to be positive |9o| would normally be less than 
37, and, if this is so, then sin ¢g and (d/dc)y will be of the 
same sign if both the string and the centre of curvature of 
the string lie on the same side of line of action of the holding 
force Po. 

In what follows it will be assumed that such end conditions 
apply, and that x = 2c, and we will write 


(3) 


3. String in point contact with the peg 


The string is assumed to be in point contact with the peg 
at P, where the peg radius of curvature is PSCC rE ES) 2) sete 
the string is inclined at angles 6,, 0, to the lines of action of 
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the holding forces T;, T>, so that the 
directions of pulling on the string, 


® = 6, + §. 


Fig. 2. Forces operating on string in point contact with a 
peg radius p. 


Condition for point contact 


Assuming conditions in the leads of string to the peg to be’ 


suitable for the application of the approximation derived 
in §2, the curvature in the string at P, « is given by either of 
the two formulae: 


1/2 
Ep 2(= ) 


The condition for point contact is that, at P, the curvature 
in the string be less than or equal to the curvature of the peg. 
That is 


1/2 
sin $0; mp =2(2)"” sin 40 


Kp 


DI 


Whence 
27,12 sin 46, —= 27,12 sin 40, 


By 1/2 
<(j) - 
p 
Using Eqns (4), (5), (6) in the identity 


sin? (40, + 40,) = sin? 40, + sin? 40, + 
+ 2 sin 46, sin 46, cos (40, + 46) 


we obtain the condition for point contact in terms of T;, 
1h 2> d, p and B. 


4 sin? 40 


(5) 


< atl + 1? + 2rcos 40) (7) 
pT 


(8) 


where = T,/T>. 
Normal reaction and friction forces 


Equating forces parallel, then normal to the tangent at P, 
we obtain for the friction force 


F = T, cos 0; — T> cos 4, 
then, for the normal reaction at P 
IRS T sin 6, + T> sin 65. 
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Using Eqn (5), these expressions reduce to 
bet hss) (9) 
R=T/ 775? 2 sin 30. (10) 


Thus, if the friction is described by Amontons’ law, 
F = pw, the capstan equation is 


T; a T> a) piss i all BASE B sin 1D, 


1 : 
or r——=ypsin 4, 
Le 


whence 


r= psin3® + (1 + pp? sin? 40)'/2, (11) 


To compare this formula with the capstan equation for 


flexible strings (which gives r = e44®), we expand (11) in 
powers of ®, to obtain 


2 
r= eto — eG) 


pL + py?) + 9p?) 
5! 


aa (AO) eid sos \ 


Comments 


The capstan equation for strings with rigidity in point 
‘contact is independent of the rigidity, or the radius of the peg. 

The error involved in using the standard capstan equation 
is small for small angles. For j < 1, the error is less than 
1% for O < 4. 


4. Contact over an arc 


If the string does not touch the peg at a point, then it 
ishould come into contact over an arc. Contact at two 
points is a possibility but can be shown to be impossible for 
angular displacements of less than 180° or if the tension is to 
remain positive. 

The string is assumed to be in arc contact with a peg of 
circular section, radius p on an arc AB. The tangents at 
A and B make angles 6,, 6, with the lines of action of the 
aolding forces 7,, T, respectively. as shown in Fig. 3. Then 
if the angle between these lines of action is ®, the arc AB 
subtends an angle D — 6, — @, at the centre of the peg. 
| The curvature of the string on the arc AB is constant, and 
quals 1/p. So (i) equating to 1/p the curvatures at A and B 


, Te 


We 
Bhait length © 


+— 


| Fig. 3. Forces on a string in arc contact with a peg radius p. 
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given by the approximation of §2 (Eqn 3) we obtain 


1/2 
2712 sin 40, = 2T)!/? sin 40, = (=) P43) 
P2 

(ii) the curvature and hence the bending moment in the 
string being constant on the arc AB, the shear force 
(N = — dM/ds) there is zero. So, in addition to a distribu- 
ted loading on the arc there are concentrated normal reactions 
Nx, and Np at the ends of the arc, A and B, to balance the 
components of the forces T,, T, normal to the tangents at 
A and B. Thus Ng = 7, sin 0,, Ng = T; sin 63. 

The tensions just outside the arc AB are 7, cos 6, T, 
cos 85. So, for the string sliding from B to A, and friction 
described by Amontens’ law, the tensions just inside the ends 
of the arc are: 


Ta, = T, cos 0; — pT; sin 4, (14) 
Tg = Ty cos 6, + pT sin >. (15) 
Now, on this arc AB it can be shown that 
dT dN 
=—a() (16) 


as N = 0 on the arc. (The normal distributed load, w/unit 


1 N ge 
length, can be shown to be given by w = -(T e ) = 

p dd) p 
as N=0.) So, from Eqn (16), 


oT 
7. = exp {u@ — 4; — 4)} (17) 
B 
and combining Eqns (17) and (14) and (15), 
Limes cos 6, 1 + p tan 8, exp (— p68) 
jee oxD (HE) cos 6, 1— wtand, exp (u6;) © ve 


If we assume that the friction at a point contact and the 
friction at an arc contact are both described by Amontons’ 
law, but with different coefficients of friction zp and ja, then 
the equation for the ratio of tensions becomes: 


6 tan 0 —p9 
= exp (ua) COS 21+ pp an 2 exp ( KA 2) 


, (Se 
> cos 6; 1 — pp tan 6, exp (4494) ro 


Expanding the factor of exp (ua®) in Eqn (19) in powers 
of 6, 0, we obtain 


te 
Tr = exp paP{l — (Ua — Lp), te 9) 


+ dus — pp)?(O1 — 0,)* — 4(1 + pp*)(G2* — 0,72) +..,} 
(20) 


where, in Eqns (18), (19), (20), 4;, 8, are given by Eqn (13). 


Comments 


With the coefficients of friction for concentrated and 
distributed loads the same, the correction to the standard 
capstan equation is of second order: 

T; 1 2 2 2 
— = evO{1 — (1 + p*p)(O,? — O”)}. 
T, 
Here the decrease in the tension drop caused by the decrease 
in the angle of contact is being compensated (to the first 
order in 6,, 8) by the friction forces associated with the 
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concentrated reactions at the ends of the arc. The capstan 
equation is correct to 1% for x. < 1 if the angles 6,, 0, are 
less than 6°, or alternatively for the tensions 7;, T, > 100 7, 
where T = B/p?. 

If the coefficient of friction varies with load, so that the 
coefficient of friction for a distributed load differs from that 
for a concentrated load, this compensation cannot take place, 
and there would be a rigidity correction to the capstan 
equation of the first order in 6,, 85. 

In this case the capstan equation could be in error by more 
than 10% for T, << 47. For example Howell (1954) explains 
a dependence of 7,/T, on peg radius using a theory of 
coefficient of friction dependence on load. The nylon 
monofilament used had a rigidity modulus of the order of 
5 x 10? dyn/cm? (for a radius 0-004 in. and assumed Young’s 


Notes and Comments 


Russian translating programme 


The Department of Scientific and Industrial Research are 
translating into English and publishing every month seventeen 
of the leading Russian technical journals. These provide 
up-to-date information on Soviet progress in steel manufac- 
ture, castings, welding, rubber and plastics, production 
engineering, machines and tooling, instrument construction, 
textiles, wood processing, chemistry, biology and mathe- 
matics. 

The Department also sponsors the translation and publica- 
tion of Russian technical books and each year places on sale 
translations of hundreds of technical articles. These trans- 
lations are obtainable from the new National Lending Library 
for Science and Technology, Boston Spa, Yorkshire. 


New British Standards 


The following British Standards have recently been issued: 
British Standard 1991 : 1961, Recommendations for Letter 
Symbols, Signs and Abbreviations: Part 2, Chemical Engineer- 
ing, Nuclear Science and Applied Chemistry; Part 3, Fluid 
Mechanics; Part 4, Structures, Materials and Soil Mechanics; 
Part 5, Applied Thermodynamics; British Standard 1828 : 
1961, Reference Tables for Thermocouples (Copper vy. 
Constantan); British Standard 3403 : 1961, Specification for 
Indicating Tachometers for General Industrial Use; British 
Standard 3385 : 1961, Specification for Direct-reading per- 
sonal Dosemeters for X- and Gamma Radiation. 

These may all be obtained from the British Standards 
Institution, British Standards House, 2 Park Street, London, 
W.1. 
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Modulus ~ 7 Xx 10!° dyn/em?). The tensions T for the twa 
pegs of radii 2-5 cm and 0-39 cm are then 7.5 = 0-08 a 
T9.39 2803) g wt. 

The tension range of the smaller tension is 3 << 7) X 1S gwt, 
So, for the smaller peg 77 < T, < 57; and for the larger peg 
37T < T, < 2007. Thus the results for the smaller peg are 
in the region where correction of the capstan equation for 
the rigidity of the fibres may be significant. 
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Lectures on applied physical chemistry for metallurgists 


A course of ten lectures on applied physical chemistry 
for metallurgists will be given by Dr. J. Mackowiak in the: 
Metallurgy Department, Battersea College of Technology, on 
Wednesdays from 6.30-9 p.m., commencing on 11th October 
1961. 

The course is designed to meet the needs of those employed 
on research and production who either completed formal 
studies some years ago or whose professional training did not 
include any previous study of the subject. Subjects to be 
covered come under the four main headings of Electron 
theory of elements and molecules, Thermodynamics, Kinetics 
and Application to practical problems. 

Further information may be obtained from the Secretary 
(Metallurgy Courses), Battersea College of Technology, 
London, S.W.11. 


Optical Industry Directory 


The Optical Publishing Company, Lenox, Massachusetts, 
announces the publication of the seventh (1961) issue of the 
Optical Industry Directory. This gives a list of the thousand 
companies in America who manufacture instruments and 
components and supply services available from the optical 
industry. The lists are categorized under 350 item groupings. 
A revised lens appendix gives information concerning a 
thousand commercially available lenses for photography and 
optical instrumentation. The Directory may be obtained 
from The Optical Publishing Company, Box 1753, Lenox, 
Massachusetts. There are 200 pages. The price is $7.50. 
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Abstract 


1vestigations made on the ferroelectric effect of manganese 
ioxide show that a phenomenon, dependent on the effi- 
‘ency of contact of the oxide surface with the electrodes, 
xists. The apparent changes in the ferroelectric hysteresis 
ops with pressure on the electrodes are traced experimen- 
ly. The apparent contact variation of the ferroelectric 
fect in manganese dioxide is applied to a comparison 
€ the plastic flows in indentations in metals, the indenta- 
ons being made by the Vickers hardness diamond pyramid. 


1. Introduction 


investigated by Bhide and Damle (1960). It is found 

that the ferroelectricity vanishes at a temperature above 
)° c, which is the Curie temperature of the material. The 
1enomenon is observed to be conspicuous at low tempera- 
res and is supposed to vanish rapidly as the Curie tempera- 
re is reached. The investigations made here indicate that 
‘€ apparent ferroelectric behaviour is dependent promi- 
mntly on the nature of contact, and that the hysteresis loop 
‘ea is very much reduced when the pressure of contact 
stween the manganese dioxide and that of the electrodes 
vessing the manganese dioxide exceeds a certain limit. The 
yparent variation of ferroelectric hysteresis with the uni- 
rectional pressure of electrodes causing different amounts 
‘contact has been experimentally determined. The plastic 
»ws in indentations of materials like steel, brass and other 
etals, during the process of indentation by a Vickers hard- 
ss diamond pyramid, are compared by tracing the apparent 
‘anges in the saturation polarization of ferroelectric effect 
‘th the efficiency of contact. 


T: ferroelectric effect in manganese dioxide has been 


2. Experimental procedure 


Chemically pure manganese dioxide powder, supplied by 
1omas Tyers Co., was made into pellets by an application 
pressure of 4000 lb/in?. These pellets retained their 


Vickers 


Fig. 1. Circuit for the study of the contact variation of ferro- 
electric effect in manganese dioxide at different pressures. 
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compactness under the different experimental conditions. 
The pellets had a diameter of 2-12 cm and had thicknesses 
varying from 0:5cm to about | cm. The pellet was placed 
between two flat carbon brushes, the contact surfaces being 
polished. Over the top brush, a suitable metal was inserted 
in order to indent it with the Vickers hardness diamond 
pyramid, as in Fig. 1. This arrangement enabled applica- 
tions of standard loads determined by the Vickers hardness 
tester, so that the contact pressures between the pellet surfaces 
and the carbon brushes could be evaluated. The circuit 
employed for determining the ferroelectric polarization was 
that given by Sawyer and Tower (1930) and shown in Fig. 1. 
An alternating voltage of 20v at 100c/s (from a beat- 
frequency oscillator) was applied to the manganese dioxide 
tablet. The potential difference across AB was applied to 
the Y-plates of the cathode-ray oscillograph. A time-base 
voltage applied to the X-plates was obtained from the same 
beat-frequency oscillator. The apparent saturation value of 
the ferroelectric polarization was recorded for different loads 
conveyed by the Vickers diamond indenter. 

Experiments with aluminium and other metal electrodes 
give a slightly lesser output, possibly due to the metal oxides, 
which introduce extra resistance. The nature of the curves 
obtained with these electrodes conformed to the general trend 
shown in Fig. 4, but the deflection was comparatively small. 
Hence carbon brushes were chosen for the electrodes. Under 
high pressures, the manganese dioxide pellet has negligible 
resistance. The resistance across the carbon electrodes 
under the above conditions is the same as one would get 
when contact is made directly (between the carbon electrodes). 
This indicates that the carbon surface will maintain the best 
contact. The manganese dioxide pellet gives the maximum 
deflection in the cathode-ray oscillograph when its surface 
is in a fine powdery form, rather than in a glazy smooth 
condition. To ensure this every time, measurement is made 
after the surface has been cleaned with a cloth. Moisture 
or washing the surface with a mild acid makes the tablet 
almost conducting. Sparking at contact surfaces by high 
voltage application decreases the ferroelectric output. 


3. Contact variation in ferroelectric loops 


The manganese dioxide specimens used by Bhide and 
Damle (1960) were sintered, while the compacts employed 
here were not sintered for the study of the apparent ferro- 
electric changes. The typical ferroelectric hysteresis loops 
at low and high pressures are shown in Figs 2 and 3. The 
curve drawn in Fig. 4 shows the variation of ferroelectric 
saturation polarization with the unidirectional pressure 
applied on the contacts in the case of a number of tablets. 
The unidirectional pressure refers to the pressure acting on 
the manganese dioxide compact surface and is the ratio of 
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total load applied on the indenter to the area of the compact. 
The ferroelectric change would be just dependent on the 
pressure effective on the manganese dioxide compact surface. 
The saturation polarization is expressed in arbitrary units 
corresponding to the voltages impressed on the cathode-ray 
oscillograph plates for all the figures. It is found that the 


Saturation polarization 
(Loop limits —6-5 v to +6:Sy) 


X-plates voltage (Loop limits —3 v to + 3v) 


Fig. 2. Ferroelectric hysteresis loop at low-pressure contact. 


Saturation polarization 


(Loop limits —8 v to + 8 v) 


X-plates voltage (Loop limits —3 v to +3 v) 


Fig. 3. Ferroelectric hysteresis loop at high-pressure contact. 


ferroelectric output shows an exponential rise at small 
pressures, tending to a steady saturation value at high 
pressures. The contact ferroelectric hysteresis loop there- 
after tends to decrease to almost negligible area with further 
increase of pressure, though the saturation polarization value 
does not decrease. 

The apparent change in ferroelectric output may clearly be 
explained by the assumption that the fractional rate of 
increase with pressure of the number of molecules in contact 
is proportional to the fraction of molecules not yet in contact. 
The efficiency of contact at any stage is defined as the ratio 
of the saturation polarization P at that stage to the maxi- 
mum saturation polarization P,,,, corresponding to the 
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maximum amount of contact obtained by an application 
very high pressure. An equation of the type 


| 
P = Prax {(1 Fa ex); | 


where P is the pressure on the manganese dioxide compa 
surface and c is a constant, fits in with the experiment 
curve obtained in Fig. 4. The voltages corresponding — 
saturation polarizations at different stages are plotted in tl 
figure. By analogy of time constants of electrical circuit 
the reciprocal of constant c may be termed as the conta 


20} : 
maximum value 


Saturation polarization (V) 


1 


0 r 3 4 5 | 
Pressure (kg/cm2) 
Fig. 4. Saturation polarization voltage in cathode-ray oscillo- 


graph plotted against pressure on manganese dioxide compact! 
surface. 


pressure constant (s or I/c). The value of s computed fro 
the experimental curve for manganese dioxide is 0:5 kg/c 
at 25° c. It is found that the exponential rise of saturatig 
polarization with pressure becomes steeper and reaches t 
maximum value for comparatively lower pressure at high 
temperatures, of the order of 150° c. Obviously, the con 
pressure constant decreases with temperature for mangane 
dioxide. 


4. Plastic flow in materials 


The contact variation of ferroelectric effect was utilized 
determine the relative rates at which plastic flow took pla 
in different materials, when the Vickers diamond pyrami 
indented the materials. As the indenter pierced materi 
like steel or brass, the ferroelectric saturation polarizati 
of the manganese dioxide tablet placed beneath the met! 
increased gradually to a maximum steady value, the sta 


Saturation polarization 


(Deflection Limits —6 v to +6 y) 


Time 


O4s 4:74s 
Fig. 5. Change of saturation polarization with time during 
indentation of steel by the Vickers diamond pyramid. 
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vhen the indentation is fully acting on the tablet surface. 
The saturation polarization was determined experimentally 
’y removing the X-plates voltage in the cathode-ray oscillo- 
raph and tracing the variation of ferroelectric saturation 
olarization voltage only. The changes were recorded by 
. Cossor camera unit in which the film was moving ata 
egular speed of 0-25 in/s. The deflection increases gradually 
nd the patterns obtained in the cathode-ray oscillograph for 
teel and brass are shown in Figs 5 and 6. From knowledge 


wreck PULALIZALIVIL 


(Deflection Limits —5 v to +5 v) 


Ofs Time 4:Ths 


Fig. 6. Change of saturation polarization with time during 
indentation of brass by the Vickers diamond pyramid. 


* the pressure acting on the manganese dioxide compact 
srsus deflection curve shown in Fig. 4, and from the patterns 
_ Figs 5 and 6, the variation of pressure on the manganese 
oxide compact surface versus time curve could be computed, 
id is shown in Fig. 7. In this figure the limit of pressure is 
se ratio of the maximum load applied by the Vickers 


4} 


Pressure (kg/emé) 


0 l 2 3 4 
Time (s) 


Fig. 7. Pressure on manganese dioxide compact surface 

during Vickers diamond pyramid indentation plotted against 

time curves. (Note: the maximum pressure reached is the 

naximum load applied by the Vickers machine divided by 
the area of the manganese dioxide compact surface.) 
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machine to the area of the tablet surface. The full load 
applied by the Vickers indenter is transmitted through the 
test metal on to the surface of the manganese dioxide compact 
and the pressure on the compact reaches a maximum after a 
few seconds. During this interval the plastic flow will be 
taking place in the indentation. The relative rates of plastic 
flow in indentations of materials, such as steel, copper, brass, 
aluminium and lead, can be qualitatively estimated by 
determining the slopes of the computed curves. The plastic 
flow is large for materials like lead. With any specific 
load, for a lead indentation compared to a steel one, the 
pressure on the manganese dioxide compact surface in- 
creases rather slowly to the maximum yalue. The rate of 
pressure increase on the compact surface (dp/dt) is found to 
increase with time. The initial part of the curve is non-linear, 
while the latter part is linear. The non-linear portion is 
small for steel and is large for a material like lead. The 
slope of the curve at any point is inversely proportional to 
the plastic flow rate. The experimental values of dp/dt are 
given in the Table. 


Steady rate of increase of pressure 
on manganese dioxide compact surface 


Material (dp/dt) (kg cm—2 s—1) 
Steel 1-40 
Brass 1-20 
Copper 1-01 
Aluminium 0-92 
Lead 0-50 


5. Conclusion 


The apparent ferroelectric effect exhibited by manganese 
dioxide is found to be a contact dependent phenomenon, to 
a large extent. It increases rapidly with the efficiency of 
contact caused by the application of pressure. The apparent 
hysteresis loss tends to decrease at a very high pressure when 
contact is fully made. The efficiency of contact is assessed 
by measuring the apparent ferroelectric saturation polariza- 
tion developed across a pellet of manganese dioxide and the 
variation of this saturation polarization with pressure is 
experimentally determined. An application of the contact 
variation of ferroelectric effect gives the relative plastic flow 
in indentations of materials made by the Vickers hardness 
indenters. 
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Abstract 


The total emission of the cathode of a planar diode over 
a range of cathode temperatures has been measured in a 
non-destructive way by making a detailed examination of 
the characteristics. A total emission of about 25 A/cm? 
has been found for an EA 50 operating at normal cathode 
temperatures. This result has been tested by comparing 
theoretical values of the space-charge smoothing factor 
calculated from the characteristic curves in two distinct 
ways, only one of which involves the total emission directly. 

It was found that Richardson’s equation for the total 
emission fails noticeably over the wide range of cathode 
temperatures investigated, and that this failure is not 
explicable on the basis of changes in the cathode work 
function. 


Introduction 


HE total emission i, of a diode at normal operating 

cathode temperatures cannot be measured satisfactorily 

by d.c. techniques owing to the influence of the space- 
charge. Attempts have been made to overcome this difficulty 
by using pulse techniques (Sproull 1945, Coomes 1946, Wright 
1949). At low cathode temperatures the effect of the space- 
charge can be neglected and the anode current saturates at 
very low anode potentials. However, it is useful to know the 
total emission for any high temperature, not only in the study 
of the emission itself, but also for the study of other 
properties such as the microphonic sensitivity and noise. 

This paper reports a method of measuring the total emis- 
sion without exceeding an anode voltage of more than 2 volts 
or an anode current of more than a few milliamps. The valve 
used was an almost planar commercial diode, the EA 50, and 
the cathode temperature was varied over a range from 
680° K to 1130° k. 

This method is based on theory given by Bull (1950) and 
is carried out as follows. The contact potential and its 
variation with cathode temperature is estimated from a set of 
characteristic curves of (log i, V) drawn for low cathode 
temperatures at which pronounced saturation of the emission 
occurs. The contact potentials so determined are then used 
in conjunction with the characteristic curves for higher and 
normal cathode temperatures to determine the total emission. 
The assumption needed in this method is that the trend of the 
contact potential at low cathode temperatures is maintained 
up to the normal operating temperature. 

The validity of this assumption has been checked by calcu- 
lating the space-charge smoothing factor of the diode in two 
ways based on the expression of the characteristic of the diode 
in terms of thirty partial differential coefficients connecting 
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five interdependent variables (Bull 1950), namely the anoc 
current density i, the total emission density i,, the anoc 
voltage V, the potential V,, of the barrier in the space-charg 
and the anode-cathode distance x. 

One equation between these differential coefficients is 


(x) 
oi, Vx 


from which, by putting € = xg,/2i, we find 


Xo 2) 
= where g, = ( — 
rie 4 x \ax/ ws 


a) =20 +8. ( 
dig Vx Is | 

The factor 1+ € is found to occur frequently in th 
equations relating to the differential coefficients, and is al 
found (Bull 1950) to be a theoretical estimate of the spac 
charge smoothing factor, [?. 

If the values of i, are known for two characteristic curv 
for which the difference of the cathode temperatures is sma 
the value of 1 + € can be calculated, since the values 
(07/dis) px, 1 and 7, can be found. 

Also Bull (1950) has shown that 

) 1 sei 
ix 


i 4 28x -.) 
Valse. Sarkto” WEEE 


where g,, = (0i/0V);,x, the conductance of the diode. 
the expression for € given above, this becomes 


WV 1 ei | 
Ta) ge ee ee 


in which (0V/0Vin)ix, Ym and T can be determined from t 
curves and e the electron charge and k Boltzmann’s consta 
are known. 

Using Eqns (1) and (2) we have two alternative methods 
calculating (1 + &) for every point on the characteristic. 

The cathode temperature for use in Eqn (2) is determine 
from the logarithmic relation between the anode current an 
the anode voltage in the retarding region of the characteristi 


Usi 


i = i, exp (—eV/kT) 

from which 

e 

ing = ini] =F 
ni ls — V. ( 
Provided that i, is constant for any particular catho 
temperature at all anode currents and voltages used, t 
slope of the graph of (log i, V) is equal to e/2:303 kT and 
therefore a measure of the cathode temperature. 
linearity of the curves shown in Fig. 1, and very many oth 


VoL. 12, OcroBEeR 1961 


ESTIMATION OF THE TOTAL EMISSION OF A DIODE 


»bservations of a similar kind, indicate that this method of 
inding T is at least as reliable as the methods commonly 
-mployed, and the temperatures so found do in fact corre- 
spond to the temperature at which electrons are emitted. 
Nergaard (1952), however, states that discrepancies are found 


heater 
voltage 
~e (V) 
Sy 6-3 
= 6-0 
x 5-0 
| 5 4-0 
3-0 
(= 25 
° 2:25 
=< 


-06 -04-02 0 02 0406 08 10 12 14 16 18 
Anode voltage (V) 


Fig. 1. Characteristic curves of log i plotted against V for 
EASO at various heater voltages. 


t the higher cathode temperatures between temperatures 
pund this way and those obtained by using pyrometers. 


Experimental method 


In drawing the characteristic curves, filament voltages in 
ie range 1:55 v to 6:3 Vv were used. The anode current 
as measured with a microammeter, and the anode voltage 
as varied over a range from —1:O0 vto2:0v. It was found 
1at it was possible to obtain reproducible and stable results 
ily if the curve for the maximum cathode temperature used 
as drawn first, followed by those at lower temperatures. In 
is way the state of activation of the cathode and hence the 
nission was ‘frozen’ in as suggested by Metson ef al. (1952). 
onsiderable variations of the characteristics were found when 
‘corded in the reverse order. 


Experimental results and discussion 


A typical set of the diode characteristics obtained is shown 
Fig. 1. The temperature of the cathode was calculated 
om the slopes of the characteristics in the retarding region, 
om Fig. 1 using Eqn (3). The resulting variation of the 
'thode temperature with filament voltage is shown in 
g.2. The shape of this curve is similar to one reported by 
‘etson (1955) for a 6D15 diode, but in that case there was 
» indication of how the temperature was measured. 

In Fig. 1 the ‘knee’ of the characteristic at low cathode 
mperatures shows a small but regular decrease of the 
thode—anode contact potential as the temperature increases, 
is shown by the slope of the line AB. This line AB, extra- 
‘lated to C intersects the extrapolation of the retarding 
gion characteristics for the higher cathode temperatures, 
x, line EDC at C. For a cathode voltage of 6:3 v, for 
ample, a total emission of about 8 A is observed, which 
rresponds to a total emission density of about 25 A/cm’, 
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since the coated area of the cathode is about 0:3 cm2. This 
value is amongst the highest values quoted elsewhere. Met- 
son (1955) reports a similar conversion method, but converts 
the emission in microamps at 700°x to the emission in 
A/cm? at 1020° k by using a factor which varies from valve to 
valve, but is of the order 1000. For the curves recorded here 
this factor would give a total emission density of possibly 
about 10 A/cm?. 


~ 1200 


(°K 


So 
Oo 
| 


Cathode temperature 
@ ‘Oo So 
8s &§ 


~N 
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oO 
| 
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Fig. 2. Cathode temperature plotted against heater voltage. 


The graph of log (1 + &) derived from the characteristic 
curves is plotted as a function of the anode current in Fig. 3. 
The values obtained from using Eqn (1) are indicated by the 
circles and those from the use of Eqn (2) are indicated by 
triangles. It is seen that the two sets of points lie very close 
together, and this could be regarded as supporting the 
validity of the method of finding the total emission. Further- 
more, this curve is in good agreement with a similar curve 
reported by Richards (1955). 


-02 


-0-4 


10 102 lo 
Anode current (uA) 


Fig. 3. Log (1 + &) plotted against anode current. 
O values using Eqn 1 A values using Eqn 2 


From Fig. 1 it is also seen that the contact potential 
difference between the anode and the cathode decreases with 
If therefore we assume 
that the work function of the anode remains sensibly con- 
stant, this indicates that the cathode work function has a 
positive temperature coefficient of about 0:3 mv/deg kK. This 
is a similar change to that reported by Hopkins and Vick 
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(1958) and by Young (1952), but is slightly smaller in magni- 
tude. It also agrees with a result quoted by Bulyginski and 
Dobretsov (1956) who give a positive linear temperature 
coefficient of local work function for mixed oxide cathodes. 

Using the values of total emission obtained from the 
curves, a graph of (log i,/ 7”, 1/7) was drawn, from which the 
applicability of Richardson’s equation, i, = AT? exp(—b/T), 
to the emission could be tested. In the equation A and b 
are usually considered to be constants independent of tem- 
perature. The resulting graph is shown in Fig. 4. This is 
not a straight line, as would have been expected if the quanti- 
ties A and 5 were in fact constant. 


0-39 09 = kOe Hoe hea meanness 
103/T (7 ink) 


Fig. 4. Richardson plot. 


If it be assumed that A is constant, then the curve indicates 
a very pronounced fall in the value of 5, i.e. the work function, 
as the temperature increases. On the other hand, the line 
AB in Fig. 1 indicates that the contact potential difference 
between the cathode and the anode does not vary very 
much. It is unlikely since the cathode and the anode are at 
different temperatures and consist of different materials that 
this could be the result of almost exactly the same variation 
taking place at the anode as at the cathode. It can be 
conjectured from Fig. 1 that the work functions do not vary 
very much with temperature. Consequently we might con- 
clude from Fig. 4 that the quantity A, usually regarded as a 
constant, does in fact vary rapidly with temperature. This 
variation in the value of A could be attributed to evaporation 
or diffusion away from the surface of active centres respon- 
sible for the emission. Childs (1911) has already suggested 
that A is a function of temperature. Experiments using 
microsecond pulses, however, have produced linear Richard- 
son plots over ranges of high cathode temperatures (Sproull 
1945, Coomes 1946, Wright 1949). 

It is possible that the non-linearity demonstrated in 
Fig. 4 is more clearly seen on account of the fact that the 
temperature range reported here is larger than that usually 
used. Close inspection of similar curves given by Higginson 
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(1958), Hopkins and Vick (1958) and Davies and Hopkin | 
(1959) show that in most instances a similar curvature if 
observed, but on account of the smaller temperature range 1} 
is not so easily seen. Graphs such as Fig. 4 are not very 
sensitive to the index of T used in the Richardson equatio 
so that it is not possible to explain the curvature by usin 
indices other than 2, such as 5/4 or 1/2 as is sometimes done} 
| 
| 
Conclusions || 

This work has demonstrated that the total emission of 4 
diode can be determined using normal d.c. techniques ever 
when the effect of the space-charge cannot be neglected, anc} 
without even momentarily overloading the valve. It is hopeq} 
io apply this method to other experimental diodes which aré 
being made in this laboratory. | 

The results bring into question the possibility that the 
constants in Richardson’s equation, which are assumed to bé 
constant for the purpose of calculating the values of work 
functions from the emission, are not in fact even approxi- 
mately constant for an oxide cathode. The work function of 
such cathodes cannot therefore be measured in this way: 
Hopkins (1960, Hopkins and Vick 1960) has applied the 
Kelvin vibrating electrode method with considerable success | 
However, even in this way absolute values of the work 
function may not be obtained on account of contamination of 
the reference electrode. 
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Abstract 


Jn the basis of experimental results the authors put 
orward the hypothesis of the existence of an ionic 
nechanism of whisker growth side by side with a non-ionic 
atomic or molecular) mechanism. 

The ionic concentration calculated from the current 
lensity is of the order of 10? ions/cm? at 650° c and 
herefore the possibility of an ionic mechanism of whisker 
rowth cannot be excluded: this conclusion is reinforced 
y the observed velocity of growth of copper whiskers, and 
he influence exerted on this growth by an electric field. 
hese preliminary measurements and qualitative observa- 
ions make the simultaneous coexistence of the two 
rowth mechanisms an acceptable hypothesis. 


. 


1 growth of copper whiskers at high temperature in a 
hydrogen atmosphere. The earlier conceptions accepted 
ve uniform mechanism of growth (Sears 1953, 1959, Brenner 
956). According to this theory copper whiskers grow by 
ondensation of the saturated copper vapour on the tip of 
1e whisker; this theory thus explains the observed growth 
f the monocrystals from the top. 
The equation of material transport by diffusion from the 
aseous phase may be written 


= are at present two different views concerning the 


P = rpi2A,(20RT|M)!/ (1) 


here P is the minimal pressure of copper vapour, r the 
hisker radius, p the whisker density, i the observed axial 
‘owth rate, A, the mean free path of surface diffusion of 
‘lf-adsorbed copper atoms, R the gas constant, T the 
(mperature on the Kelvin scale, and M the atomic or 
!olecular weight. 

‘ Using this formula Brenner (1959) estimated the required 
ypper vapour pressure necessary for the velocity of the 
lhisker growth to agree with his experimental results (about 
)) »/s under optimum conditions of experiment). 

} From this calculation it follows that the required vapour 
l-essure of copper should be of the order of 2 x 10~* mm Hg 
iAorelock and Sears 1959). 

|In the experiments carried out by Morelock and Sears 
(959) such a concentration of copper vapour was not found 
lid the authors were compelled to postulate another quite 
ifferent mechanism of growth. This second idea about the 
fechanism of whisker growth was that the vapour of the 
‘ul was the carrier of the metal necessary for forming the 
ypper whiskers. The molecules of the Cul undergo catalytic 
»composition into Cu and I at the dislocation step on the 
‘Dp of the whisker; iodine reacts with hydrogen and the 


i 
t 
} 


f 
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copper forms the material necessary for the growing 
monocrystal. 

The experiments carried out by the present authors have 
revealed a considerable ion concentration of Cut and I-, 
and therefore suggests the hypothesis of the existence, among 
other possibilities, of an ionic mechanism of copper whisker 
growth. Measurements show that the density of the ionic 
current of the Cul vapour at the temperature 650° c in air 
is equal to 1:4 x10-°acm-? for an electric field 
11-25vcm~!, These measurements were carried out in a 
glass tube with tungsten electrodes, and the applied electric 
fields were too weak to influence the ionic production, and 
sufficient only to affect the directional movement of the ions 
in the gaseous medium. The details concerning the apparatus 
and the experiments will be given in a subsequent paper. 

The density of the ionic current found enables the ionic 
concentration in the space between the electrodes to be 
calculated as follows: 

The current density i may be written 


i= oL. (2) 
Since o = neu (3) 
i = n,euE (4) 


where o is the electric conductivity, E the electric field, 
n; the concentration of the current carriers, e the carrier 
charge, and wu the ionic mobility. 

The mobility u may be represented on the basis of the 
microscopic theory of ions mobility in the gas by the formula 


u = 0-64eA/mi (5) 


where e is the ionic charge, X the mean free path of the ions, 
m the mass of an ion, and % the mean velocity. 
It is well known that 


X = 1/2"2an.d? (6) 
where n, is the concentration of the gaseous medium and 
d the diameter of the molecules in the gaseous medium, and 

0 = (8kT/am*)1/2 (7) 
where k is Boltzmann’s constant, T the temperature on the 


Kelvin scale, and m* the atomic or molecular mass. 
Substituting the values (6) and (7) in (5) we get 


0 16e 
n.d?(amkT )1/? 

Substituting (8) in (4) gives 

(0: 16nje?E 
n.d2(amkT)}!2 


Uu itt eS hE (8) 


(9) 


i 
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where m is ionic mass, whence 


= d*(amk)'!?in,T '? 


; 10 
: 0: 16e2E (0) 


The formulae (2), (3) and (4) may be applied only in the 
case of free charges, while formula (5) is valid only for the 
free charges and weak electric fields (Kapcow 1950). 

The assumption of weak electric fields enables formulae 


(6) and (7) to be used to get A and @; these formulae are 
valid generally for atoms and molecules. 

The meaning of the final formulae (8) and (9) is detailed 
below. The concentration of copper ions estimated on the 
basis of the formula (10) equals 10!7 ions cm~3, and this 
corresponds to an ionic pressure of copper of 8-4 x 10-5 mm 
Hg. 

This pressure is lower (by about one order) than the value 
2 x 10-3 mm Hg required for a growth velocity 70 «u/s due 
exclusively to an ionic mechanism of growth. However, the 
optimal value of the growth velocity 70 p/s, given by 
Brenner, is about one order too high by comparison with 
our results, 

Here the mean length of the whiskers formed during the 
reaction lasting one hour was 10 mm, so that the velocity of 
the growth was about 3 p/s. 

Brenner (1959) during his study of the velocity of the 
copper whisker growth as a function of temperature, has 
applied very short reaction time and considered the longest 
whiskers, grown during this short period; thus he estimated 
the maximum of the copper whisker growth velocity under 
optimal conditions at the temperature 650° c as 70 pL/s. 

We have estimated the mean copper whisker growth 
velocity during the whole period of the chemical reaction. 
Assuming that the mean growth time is equal to the reaction 
time (under our conditions about 1 hour) and the mean 
whisker length is about 10 mm, we get, as a mean growth 
velocity at the temperature 650° c, 3 p/s. 

For the time being it is not known whether the velocity is 
constant during the whole period of the whisker growth and 
whether the mean growth time is equal to the reaction time; 
it is therefore rather difficult to decide which of the two 
different approaches is more reasonable. The vapour pressure 
required for such a growth velocity is, according to Eqn (1), 
10-4mm Hg, and this is in agreement with our value 
8-4 x 10-5 mm Hg. The additional directional action of 
the local electric field, generated by the ionic charges, also 
seems to indicate the possibility of an ionic mechanism of 
copper whisker growth. 

The growth velocity may vary with slight changes of 
the vapour concentration, and the value of concentration 
obtained for the copper ions, namely, 8-4 x 10-5 mm Hg, 
seems to be quite reasonable. 

The authors point out that the experiment carried out by 
Morelock and Sears (1959) on the estimation of the copper 
vapour concentration excluded the possibility of the presence 
of saturated copper ion vapour, because the Cu+ and I~ ions 
in the vicinity of the surface of the cooled condensation tube 
associated into molecules of Cul and a preponderant quantity 
of those molecules was found during the experiments. 

It would be difficult by using the experimental method, 
applied by Morelock and Sears (1959) to prove the presence 
of the ions in the Cul vapour. These authors postulated 
only a non-ionic mechanism of whisker growth, and did not 
consider the thermal dissociation of the Cul vapour as a 
result of the catalytic action of the hydrogen; it follows from 
our experiments that this fact plays an important part. 
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The analysis of the deposit condensed on the olbdean 
tube was not sufficiently accurate to enable final conclusion 
concerning the composition of the medium in the reactio 
and whisker growth zone to be drawn. Morelock an 
Sears (1959) stressed the complete lack of copper deposit oO 
the walls of the silica tube in the reaction zone; this is als 
at variance with our findings and results. We found that th 
quantity of the copper deposit on the silica tube wall 
increased markedly when whisker growth occurred in th 
electric field. 

In the paper of Morelock and Sears it is stated that th 
composition of the condensate on the sampling tube wa 
independent of the furnace temperature and depended onl 
upon the temperature of the sampling tube. In the view c 
the present writers this statement shows that the method ¢ 
analysis of the deposit in the reaction and whisker growt) 
zone was inadequate. 


Fig. 1. Whisker growth without electric field. 


Fig. 2. The whiskers following the electric field. 


The large concentration of the supersaturated vapour 
copper ions throws new light on the possibility of o 
additional mechanism of metal whisker growth, ie. t 
reduction of the halides. 

The influence of the electric field on whisker growth durint 
the reduction of the halides found during our investigatio 
supplies the direct proof of the above hypothesis. 
influence of the electric field on the whisker growth, whic 
caused a directional distribution of whiskers along the for 
lines, has been observed beyond doubt. 

Figures 1 and 2 show the influence of the electric field o 
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pper whisker growth, Fig. 1 without electric field, Fig. 2 
th electric field. 

More details and the main experimental results will be 
blished in a later paper on the influence of the electric 
Id-on copper whisker growth (Hoffmann ef al. 1961). 
de by side with the distinctly directed whiskers there are 
so random whiskers, and this may be a direct proof of the 
existence of the ionic and non-ionic atomic or molecular 
uisker growth mechanisms. The single whiskers on the 
yper electrodes formed as a result of material transport 
om the boat filled with Cul, and the applied electric field 
us 3kv. It should be stressed that whiskers on the upper 
sctrodes were obtained both when the applied potential 
4S positive and when it was negative. This can be easily 
plained when one takes into consideration the existence 
both Cut and Cul” ions, which undergo on the tip of 
e whisker a neutralization and catalytic decomposition 
to Cu and I; this process has been proved by Coleman 
id Sears (1957). The existence of the negative ions Cul— 


Jotes and comments 


elding Engineering 1962 


Welding Engineering 1962 is the first large-scale exhibition 
be held by the Institute of Welding. It will take place at 
ixton from 30th April to 4th May 1962, in connection with 
2 Institute’s Spring Meeting the theme of which will be 
elding for Power Generation. The exhibition will illus- 
ite the rapid progress of welding technology in this 
juntry, especially in meeting the challenge of modern power 
ineration plant construction. There will be special sections 
ivoted to Research, Education and Publications. 

(Further information may be obtained from the Institute 
| Welding, 54 Princes Gate, Exhibition Road, London, 
W.7. 


AC Congress 1963 


The second congress of the International Federation of 
itomatic Control (IFAC) will be held in Basle, Switzerland, 
September 1963, at the invitation of the Swiss Association 
| Automatic Control. A committee of the British Con- 
ence on Automation and Computation will co-ordinate 
+» submission of papers from the United Kingdom to the 
ogress. 

Most of the papers will deal with the theory or application 
automatic control; a number will deal with the components 
‘control devices. Subjects to be covered are as follows: 
eory: discrete systems, stochastic systems, optimal systems, 
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during the dark electric discharge under atmospheric pressure 
is possible, according to data in the literature (Kapcow 1950). 

The results of our experiments thus seem to prove also 
an ionic mechanism of the whisker growth; the full report 
will be published in the near future. 
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learning systems, systems reliability; Applications: process 
dynamics, computer studies of applications (on or off line), 
optimizing or adaptive control applications; Components: 
new and effective devices, measurement of the reliability of 
components. 

Papers may be submitted in English, Russian, French or 
German. The final version of any paper by a United 
Kingdom author should be in the hands of the BCAC 
committee not later than Ist June 1962. 

Offers of papers from the United Kingdom should be 
made to the Honorary Secretary, BCAC, c/o The Institution 
of Electrical Engineers, Savoy Place, W.C.2. General 
enquiries concerning the congress arrangements should be 
made to the Secretary of IFAC, Dr.-Ing. G. Ruppel, Prinz- 
Georg-Strasse, 79, Dusseldorf, Germany. 


The Physical Chemistry of Aerosols 


We have received a copy of The Physical Chemistry of 
Aerosols, Discussions of the Faraday Society, No. 30, 1960. 
This discussion was held in the Chemistry Lecture Theatre, 
Queen’s Building, Bristol University, on 13th, 14th and 15th 
September 1960. The papers are divided into three sections: 
Nucleation, homogeneous and heterogeneous; Growth of 
particles; Physical and chemical properties. 

It is published by The Faraday Society, 6 Gray’s Inn 
Square, London, W.C.1. The price is 50s. 
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Abstract 


On the basis of the measurements of the ionic current 
density in the Cul vapour the ionic pressure has been 
evaluated as a function of temperature and afterwards 
compared with data given in the literature, concerning 
the total pressure of the Cul vapour. 

Thus it was possible to calculate the thermal ionic 
dissociation of the Cul vapour as a function of temperature 
and to plot the result. 


s a first step in our investigation on the mechanism 

of the metal whisker growth by using Brenner’s (1956, 

1959) method the following experiment has been 
carried out. 

A quantity of Cul was put in a glass tube made from very 
hard glass, Termisil, fitted with tungsten electrodes; the tube 
was inserted in a tube furnace and connected to an electric 
circuit containing a galvanometer and battery (Fig. 1). 


HH 


Circuit diagram of the apparatus. 
1. Electrical tube furnace. 
2. Thermometer. 
3. Tube with electrode. 


Fig. 1. 


One end of the tube was left open in order to ensure the 
same pressure inside as during the whisker growth using 
Brenner’s method. Thus it was possible not only to confirm 
the existence of the ions in the tube, but also to measure the 
ionic current as a function of temperature (Fig. 2). 

The measured value of the ionic current enables the ion 
concentration n; in the space between the electrodes (Mazur, 
Rafatowicz, to be published) to be calculated, using the 
formula 

d?in{amkT)'/2 


fe eer Ea? ) 


where d is the diameter of the molecule in the gaseous medium, 
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m the ion mass, k Boltzmann’s constant, e electron chars 
E the electric field between the electrodes, n, the concé 
tration of all the molecules of the gaseous medium, T tei 
perature (° K) and 7 density of the ionic current. The pressu 


35 


Nm 
a | 


lonic current (pA) 


400 425 450 475 


Temperature CC) 


500 525 500 


Fig. 2. The ionic current as a function of temperature. 


inside the tube is the same as in the ambient air p,, beca 
the tube is open. Thus 


Patm = NKT. 
Substituting for 1, in (1) we get 


@Patm(m/k)'7i 
0-16e2ET 1/2 


i 


The partial pressure of the ionic vapour may be written as 


[R= nykT 
whence, from (3), 
De= A Datm(tmkT)!/?; 
: 0-16e2E 
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hus the ionic vapour pressure p; may be evaluated as a 
inction of temperature, if the density of the ionic current is 
10Wn. 

The relation between p and T for Cul, given approximately 
y the formula 


b 
log p = a — — 


T (6) 


represented on the graph by a straight line (Fig. 3, A). 
we plot on the same graph the values log p;, obtained from 
Ir Measurements, we also get a straight line, B. 
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fig. 3. Log of the Cul vapour pressure as a function of 


temperature. 


Thus it is clear that the increase of the ionic vapour pres- 

‘es Cu™ and I~ is governed by the same rule as the increase 

‘the total vapour pressure Cul. 

Now from Eqns (2) and (4) p;/Patm = ni/Nc = %j Say, 

ere «; will denote the degree of ionic thermal dissociation. 

en from Fig. 3 which gives graphs of log p; and log Datm 
can at once determine loga. For example for 

= 104 °x log p; ~ 2, log pam ~ 5 so that loga;~ —3 

‘al a= 10m> 

f we plot «; against 1/T the curve so obtained is also a 


straight line (Fig. 4). Fig. 4 contains the results of our 
measurements. 
uy, | 
-4 
zB 
=f 
ll 
=f fe 
+ 
+ 
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Fig. 4. Log of the degree of ionic thermal dissociation as a 
function of temperature. 


The Cul vapour subsequently dissociates thermally into 
the atoms Cu and I at a temperature of 650° c, but not into 
the Cut and I~ ions, because the atomic dissociation is, on 
the basis of the energy consideration, more probable than 
the ionic dissociation; this has been confirmed as far as 
NaCl is concerned (Kondratjew 1959). The formation of 
Cu* and I~ as a result of thermal dissociation or eva- 
poration seems rather improbable. 

The results of our measurements enable us to estimate the 
degree of the ionic thermal dissociation of the Cul vapour 
as a function of temperature. Cul” ions cannot be excluded 
from our experiments. 

Thus the Cu~ and I~ ions existing in the gaseous medium 
are for the most part generated in a way different from the 
thermal vapour dissociation of Cul molecules. 

We cannot exclude the possibility that some other process 
is operative, for instance catalytic or chemical influence of 
the gaseous medium. 

The problem still remains unsolved and further investi- 
gations are in progress. 
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Abstract 


The optical absorption of thin films of stannous oxide, 
stannic oxide, lead monoxide, the trioxides of arsenic, 
antimony and bismuth, beryllium oxide, zirconium dioxide 
and tantalum pentoxide has been measured in the energy 
range 4 to 10-5 ev. 


Introduction 


XCEPT for magnesium oxide (Reiling and Hensley 1958), 
Bi is known about the optical absorption of oxides 


in the Schumann ultraviolet range. Prior to detailed 
study of some oxides in this region, a survey has been made 
of optical absorption in a number of oxides, most of which 
have previously been investigated above 2000 A. 


Experimental details 
Specimens 


For the determination of the fundamental optical absorp- 
tion in solids, films of the materials a few hundred angstroms 
thick are necessary. The requisite thin films were mostly 
prepared by vacuum evaporation using as supports freshly 
cleaved lithium fluoride plates 1-2mm thick. Lithium 
fluoride was used as substrate because it is transparent out 
TOoUL Se Ve 

The films were prepared as follows: SnO, by heating a 
vacuum evaporated film of tin in air at 400° c for 15 minutes 
(Doyle and Lonergan, unpublished work); SnO,, by reactive 
sputtering of tin in oxygen at 0:06 mm pressure (Doyle and 
Lonergan, unpublished work); PbO, by heating a vacuum 
evaporated film of lead in air at 650° c for 15 minutes (Doyle 
and Lonergan, unpublished work); As,O3, by direct evapora- 
tion (Doyle 1958); Sb,03, by direct evaporation (Doyle 1958); 
Bi,O3, by heat oxidation of a vacuum evaporated bismuth 
film (Doyle 1958); BeO, by evaporation of beryllium from a 
tantalum strip heater and heating the beryllium film so 
obtained in air at 600° c for 30 minutes; the resulting beryl- 
lium oxide film was uniform, white and slightly turbid; 
ZrO,, by vacuum evaporation of the material from a tungsten 
heater (Holland 1956); a clear colourless film was obtained; 
Ta,O;, by vacuum evaporation of the material from a 
tungsten heater (Holland 1956); a clear colourless film was 
obtained. 

All the substances studied are chemically stable in air at 
room temperature and so it was not necessary to vacuum 
deposit a protective coating of lithium fluoride or other 
material on to the films. 


Measurement of absorption 


The absorption spectra of the films from 4 to about 
10-5 ev were determined using the Schumann region grating 
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spectrophotometer previously described (Clarke and Gartce 
1959). The light source used was the positive column of 
hydrogen discharge tube run at 400 ma. The discharge tuk 
was not sealed off from the spectrometer by a lithium fluori¢ 
plate (Clarke and Garton 1959) so that the spectrometer w# 
in direct communication with the discharge tube and cons; 
quently filled with hydrogen at 1-2mm pressure. TH 
radiation detector employed was a salicylate-sensitized E.M. 
Type 6256 photomultiplier. Optical density (log Jo/J,) wa 
determined by measuring the microammeter deflection wit 
the absorbing specimen out of the beam Jp and the deflecticl 
with the specimen and lithium fluoride mount in the beam 4 
The deflection due to the photomultiplier dark current wi 
balanced out before each Jy) and each /, reading. 

It will be apparent that the method of measuring t 
absorption of the solid films did not allow for the absorpti 
of the lithium fluoride substrate. The absorption of 
typical blank lithium fluoride plate is shown in Fig. 1. 


0:57 


Optical density 
oF 


1 n J 
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Fig. 1. Absorption spectrum of lithium fluoride plate. 


can be seen that the only effect of the absorption of tl 
substrate will be to raise slightly the absorption curve of ti 
film plus substrate from 9-5 to 11 ev. 

In order to measure absorption at wavelengths greater ths 
2200 A it was necessary to consider the possibility of effeq 
due to second order spectra. The band spectrum of hydrog 
extends from about 1700 to about 1100 A; thus it may app 
in second order from 3400-2200 4. A scan of the regi 
3400-2200 A showed that the most intense peaks of the ba 
spectrum appeared with appreciable intensity in second or 
superimposed on the continuum and would therefore inva 
date absorption measurements in this region. Insertion o 
quartz plate in the incident beam, by absorbing most of t 
band spectrum, completely eliminated the second order pea 
from 2200 to 31004 and all measurements at wavelengt 
greater than 2160 A were made with the quartz plate in 
incident beam. Presumably absorption measurements co 
be extended to wavelengths greater than 3100 A by using, 
example, a glass instead of a quartz filter. 

In measuring Jy (absorbing sample out of the beam) 
ratio (u/s) of useful to stray light signals varied betwe 
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00 : 1 and 130 : 1 depending on the wavelength: so that in 
neral it was not necessary to correct for stray light in 
easuring Jy. However, in measuring J, (absorbing sample 
the beam) in a region of strong absorption, the u/s ratio 
ill be much smaller and it is necessary to correct for stray 
ht. A rough analysis of the spectral distribution of the 
ray light was made by using glass and quartz filters. It was 
own that about 30% of the stray light lay at wavelengths 
orter than 2700 A, the rest lying at longer wavelengths. 
he absorption thresholds of the solids studied are such that 
ost of the stray light below 2700 A will be absorbed by the 
ecimen and thus correction should be made only for the 
ray light of wavelength greater than 2700 4. The latter 
as determined by setting the wavelength-micrometer to a 
avelength outside the emission region of the source and 
sing a glass filter, the absorption threshold of which was 
yproximately 2700 A, in the exit beam. Thus, assuming 
at the stray light level is independent of the wavelength 
tting of the instrument, the /, values could be corrected for 
cay light. The fact that in regions of high absorption a 
gnificant part of the J, signal may be due to stray light places 
limit on the Jo/Z, ratios which can be accurately measured; 
' certain wavelength regions Jp/I, ratios greater than 50 
innot be accurately measured. This difficulty could 
ywever always be overcome by the use of thinner films thus 
creasing the u/s ratio in measuring J. 

In measuring the absorption of a film no corrections were 
ade for reflection and scattering losses. For the determina- 
yn of the shape and position of the absorption bands this 
unimportant, the only disadvantage being that, in the 
ng-wave part of the spectrum, absorption may be simulated 
ie to reflection and scattering losses (Doyle 1958). No 
rrection was made for possible fluorescence of the sample. 
All measurements were taken with a band pass of 3 A and 
sorption was measured at intervals of approximately 
1 ev throughout the spectral region studied. 

The performance of the spectrophotometer in measuring 
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Fig. 2. Absorption spectra of thin films of stannous oxide, 
stannic oxide and lead monoxide. 
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absorption was tested both above 2000 A and in the Schumann 
region. Above 20004 the absorption spectra of stannous 
oxide, lead monoxide and the trioxides of arsenic, antimony 
and bismuth agreed with previous work (Doyle and Lonergan, 
unpublished work, Doyle 1958) on these materials using a 
Beckmann Model DU spectrophotometer. In the region 
2000-1200 A the absorption spectrum of a magnesium oxide 
film showed a sharp threshold at 6-9 ev and a peak at 7-7 ev 
in substantial agreement with the work of Reiling and 
Hensley (1958). 


Results 


The absorption spectra from 4 to about 10:5 ev of the 
substances studied are shown in Figs 2, 3 and 4. Optical 
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Fig. 3. Absorption spectra of thin films of arsenic, antimony 
and bismuth trioxides. 
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Fig. 4. Absorption spectra of thin films of beryllium oxide, 
zirconium dioxide and tantalum pentoxide. 
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density is shown as a function of photon energy. The 
thickness of the films has not been determined and so it is 
not possible to give accurate values of absorption coefficients. 
However, previous measurements (Doyle and Lonergan, 
unpublished work, Doyle 1958) above 2000 A of absorption 
coefficients for some of the materials combined with the 
amount of substance evaporated permit the conclusion that 
the thickness of all the films is such that in the regions of 
maximum absorption the absorption coefficient is about 
105-em: *: 
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Notes and comments 


Symposium on electron spin resonance 


The Chemical Society will hold a Symposium on electron 
spin resonance at Queen Mary College on Thursday, 2nd 
November 1961. Further information may be obtained from 
The Chemical Society, Burlington House, London, W.1. 


International Conference on crystal lattice defects 


An International Conference on crystal lattice defects 
will be held in Kyoto, Japan, from 7th—-12th September 1962. 
The Conference is being organized by the Physical Society of 
Japan. The International Union of Pure and Applied 
Physics is considering sponsorship of the Conference. 

The Conference will cover point defects in metals, semi- 
conductors and ionic crystals, as well as extended defects 
closely related to point defects. Suggested items of discus- 
sion are, for instance, electronic processes in imperfect 
crystals, properties of single and multiple point defects, 
radiation damage, association, dissociation and diffusion of 
point defects. Purely phenomenological studies will not be 
included, nor work that is ambiguous from the viewpoint of 
lattice defects. 

The attendance will be limited to actually active research 
workers in the field of lattice defects, and others who may be 
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preparing to enter work in this field. The meeting will 
arranged to reserve ample time for discussions. 
language used will be English. 

All correspondence should be addressed to: Lattice Defe 
Conference Secretariate, c/o Prof. R. R. Hasiguti, Depa 
ment of Metallurgy, University of Tokyo, Bunkyo-ku, Tok 
Japan. 


Conference on the physics of semiconductors 


The Institute of Physics and The Physical Society, 
behalf of the International Union of Pure and Applied Phys 
and the British National Committee for Physics, is arrangi 
an International Conference on The Physics of Semiconduct 
which will be held at the University of Exeter from 16th | 
20th July 1962. The Conference is planned to follow t 
previous sequence of Conferences on the physics of seni 
conductors which were held in Reading in 1950, Amsterd 
in 1954, Garmisch in 1956, Rochester in 1958 and Pra 
in 1960. 

Accommodation will be provided in Halls of Residence | 
the University. Further information regarding the Co 
ference may be obtained from the Administration Assista 
The Institute of Physics and The Physical Society, 47 Belgra: 
Square, London, S.W.1. 
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Abstract 


simple electron focusing device for floating-zone electron- 
wmnbardment furnaces is described. The filament is 
rrounded by and electrically connected to a water- 
ioled copper cage, which focuses the electron beam some 
cm vertically below the filament. The anode is thus 
rgely protected from evaporation from the filament, the 
olten zone is not obscured and evaporation and spluttering 
om the zone do not contaminate the filament. The sharp- 
‘ss of the focused beam may be altered by varying the 
ament diameter and position. Rods of between 3mm 
id 12mm diameter have been successfully zoned in a 
ge of the dimensions given. 


1. Introduction 


| HE electron-beam, floating-zone technique is widely 
[= for refining and producing single crystals of 
refractory or reactive materials, and the advantages of 
= method are well known. In most of the published work, 
2 electron gun is basically of the type originally used by 
ilverly (1957) in which horizontal plates, above and below 
ring filament, focus the electron beam horizontally inwards 
1 to that part of the anode surrounded by the filament. 
us arrangement suffers from the following disadvantages: 
(i) Spluttering and evaporation of metal from the molten 
ne contaminates the filament causing loss of emission and 
issibly failure. 
(Gi) It is frequently difficult to observe the molten zone 
cause of the bright filament wire in the line of sight. 
Gii) Evaporation from the filament contaminates the 
ecimen. 
We have developed a simple gun in which the filament is 
noved and protected from the immediate neighbourhood 
the molten zone and in which electrons from the cathode 
> made to flow in a curved path. This arrangement eli- 
nates the first two difficulties and greatly minimizes the 
rd, without increasing the complexity of the control 
»chanisms. 


2. Procedure adopted in design 


The design of electron beam focusing devices is an involved 
acess which is made even more difficult if space charge 
ects are considered (Beck 1953, Pierce 1954). However, 
's possible to obtain, fairly simply, an approximate solution 
the electrostatic field distribution if space charge is ignored. 
Practical requirements in the design of the gun were (i) that 
should be mechanically simple and axially symmetrical, 
d (ii) that the anode should be shielded from direct line 
sight of the cathode; these two factors lead to a structure 
entially similar to the final form which is shown in Fig. 1. 
An approximate construction for the field distribution 
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showed that the equipotential surfaces bulged away from 
that part of the anode exposed within the cage; their form 
suggested that electrons would be focused on the anode 
and that vertical movement of the bottom plate would alter 
the position and degree of the focus. Thus the proportions 
of the structure for optimum focus were obtained by 
experiment. 

The shapes of the electron trajectories have since been 
investigated (Hardisty 1961, unpublished), and the focus 
predicted on the basis of the above approximations coincides 
with that observed. In view of the heavy currents and long 
electron paths, it is concluded that the presence of ionized 
gas (metal evaporated from the anode and gas within the 
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The focusing-cage electron gun. All dimensions are 


in millimetres. 
a* = 6 optimum (3-12 possible), b* = 2-5-4-0 depending 
on focus required, c* = 0-4-0:8, d* = 8-14 depending on 
current required. 


Fig. 1. 
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chamber) is responsible for annulling the space charge 
effects. 


3. Operation of the gun 


The device is illustrated in Fig. 1 and consists of a brazed 
copper cage bolted to a water cooled top plate. The top 
plate carries a tungsten filament and a copper tube which 
partially shields the anode from the filament. The whole 
cage assembly is electrically connected to one end of the 
filament and the specimen to be melted is made 6-10 kv 


filament 


focus 


Fig. 2. 


positive with respect to the cathode assembly; electrons are 
focused to heat a zone approximately 3 cm below the fila- 
ment. By adjusting the filament loop diameter it is possible 
to vary the focus from about 0:5 mm to 6 mm; focusing is 
also slightly sensitive to the vertical position of the filament 
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which should be as high as possible* in order to redu 
contamination of the specimen. Fig. 2 is a photograph of t 
equipment in operation; the anode is a 6mm graphite rj 
on which can be seen a fine, bright line focus in the mid¢ 
of a zone heated by conduction. 

When a zone is melted in the gun, any metal blown off | 
out-gassing emerges in a relatively small solid angle appro} 
mately normal to the axis of the rod and thus avoids t! 
filament. An unobstructed view of the zone is obtained ai 
very little of the tungsten vapour evolved from the filame 
can impinge on the anode. | 

The device behaves as a diode operating in the saturati 
regime, therefore beam current is controlled solely by ti 
electron emission from the filament, i.e. by filament tes 
perature. Filament current control requires little pow 
and is simply and cheaply achieved by a magnetic amplifie 
Moreover, at any beam current, the filament is run at t! 
lowest possible temperature, thus evaporation and saggij 
are reduced and filament life is prolonged. 
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Electrical conductivity and photoconductivity of thin anthracene layers in vacuum 


bstract. In order to eliminate, as much as possible, the 
face phenomena produced by air and water vapour adsorp- 
on, cells were prepared inside the vacuum system used also 
r the electrical conductivity and photoconductivity measure- 


ents. It was observed that the dark and photocurrents 
crease with increase of pressure. 


he electrical conductivity and photoconductivity of 
ithracene was studied in air, vacuum and other gaseous 
mospheres using this substance in the form of single crystal 
Aette and Pick 1953, Chynoweth and Schneider 1954), 
‘essed crystalline powder (Eley et al. 1953, Eley and Parfitt 
955) and of a thin layer obtained by the evaporation of 
e solvent (Vartanyan 1950) or by thermal evaporation in 
.cuum (Northrop and Simpson 1956, 1958, Gheorghita- 
ancea and Teodorescu 1960). When the study of these 
1enomena was carried out in vacuum, the photoconductive 
Il was prepared in air and then introduced into the vacuum. 
In order to eliminate, as much as possible, the surface 
1enomena produced by the air and water vapour adsorption, 
c., the cells were prepared inside the vacuum system used 
so for the electrical conductivity and photoconductivity 
easurements. The cell was made by thermal evaporation 
' vacuum on to a quartz support on which the electrodes 
re painted beforehand. 

‘The installation includes (a) the tube in which the cell 
as prepared by thermal evaporation in high vacuum 
- 10-© mm Hg) and where the determinations were made 
) the electrical assembly for measurements of dark currents 
»wn to 10~!> and (c) the optical assembly for the study 
the photoconductivity. 

The dark current of the support was determined before 
ying down the substance on the quartz plate, on which 
sre painted the two aquadag electrodes. The opera- 
m was carried out in the same subsequent working con- 
tions for pressure, temperature and stress, after the deposi- 
m of the substance. In the same physical conditions were 
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»asured also the currents, when the cell is illuminated 
th A = 3660 A. 


The measurement of dark currents and photocurrents was 
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made for various fields up to 10000 v/cm for pressures from 
10-> mm Hg to atmospheric pressure. 

In Fig. 1(a) the dark current is plotted against the applied 
field at 10-5mmHg and at room temperature for the 
anthracene cell. Similar results were obtained also for 
pressures of 10~3, 10-7, 10-1, 1 and 10 mm Hg. For pres- 
sures greater than 50 mm Hg the dark current grows with 
increasing pressure, reaching at 760 mm Hg values five to 
six times larger than at 10-> mm Hg. In Fig. 1(b) the dark 
current is plotted against the applied field at the atmospheric 
pressure. 

Figure 2(a) shows the variation of photocurrents with 
applied field at 10~° mm Hg and at room temperature. The 
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dependence of the photocurrent on pressure becomes appre- 
ciable at about 10-2 mm Hg when the photocurrent increases 
suddenly. In Fig. 2(5) the variation of the photocurrent 
with the applied field is plotted at atmospheric pressure, 
where the photocurrent is doubled. 

From Figs 1 and 2 and other determinations, the linearity 
of the dependence of the dark currents and photocurrents 
on the applied field is evident up to values of 10000 v/cm; 
this result agrees with other papers. The linearity is, how- 
ever, perturbed if the contacts of electrodes are not good or 
the illumination is not correctly managed; in these cases the 
curve approaches the vertical axis. 
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Figure 3 shows the dependence of the dark current on 
pressure for two voltages applied to the cell, 100 v and 500 v. 
In Fig. 4 the same variation is plotted for the photocurrent. 
We have observed that at a given pressure a sudden increase 
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in the dark current and photocurrent occurs at a particular 
value of the applied field. The value of these currents is 
much larger than that marked in the Figs 3(5) and 4(4) at 
500 v and is attributed to the passage of current through the 
rarefied gaseous medium around the cell. 

The experiments connected with this paper show the 


importance of the surface states which appear owing to ¢ 
adsorption of air at various pressures. In the case of t 
anthracene, air adsorption produces an expansion of cq| 
ductivity and photoconductivity which grows as ey 
increases. 
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Annealing of residual stress in silicon monoxide films 


L. Holland, et al. (1960), have reported in a correspondence 
note to this Journal, that the internal stresses in silicon 
monoxide films deposited on to soda lime glass can be 
relieved if (i) the films are annealed at 200°c or above, or 
(ii) the temperature of the substrate during deposition is 
200° cor above. We have made a study (Vacuum Symposium 
Transactions 1961) of the stresses in silicon monoxide films, 
and in this note we will describe some ramifications of the 
annealing process. 

Silicon monoxide films were deposited at pressures less 
than 5 x 10-°mm Hg on to pure nickel substrates which 
were clamped at one end to form a cantilevered beam. The 
film stress was determined from a knowledge of the force 
required to restore the free end of the beam to its unstressed 
position (Story and Hoffman 1957). The substrates were 
maintained at room temperature. The evaporation source 
consisted of a planar tungsten spiral imbedded in granular 
SiO. For a source to substrate distance of 84in., the 
deposition rates varied from 4 to 450A/s. For source 
temperatures below 1250° c deposition rates less than 10 A/s 
were obtained, and the resultant films were in a_ highly 
stressed condition, e.g., a tensile stress of 1-6 < 10° dyn/cm? 
at an evaporation rate of 5A/s. The results of various 
annealing processes on three films (initially under a high 
tensile stress) are shown in the Figure. As seen heat treat- 
ments, in vacuo, of up to 2 hours at temperatures of 200 to 
280° c produced no detectable change in the stress. Similar 
treatments in atmospheres of O, and water vapour at 
pressures of 4 x 10-> to 1 x 10-4 mm Hg likewise produced 
no detectable stress change. However, if the partial pressure 
of O, or water vapour was increased to the mm Hg range, 
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> stress was reduced substantially, and in the case of water 
pour at 30 mm Hg the stress actually turned compressive 
er a 30 minute anneal at 160° c. Although both oxygen 
d water vapour produce stress relief, water vapour is 
ticeably more effective and will cause this relief at a some- 
at lower temperature. 

[t is well known that soda lime glass contains large quantities 
water which is desorbed in vacuum at elevated tempera- 
res (Siddall 1959, Todd 1955), particularly above 200° c. 
possible explanation of Holland’s results is that the stress 
ief occurs when this water from the soda lime glass reacts 
th the silicon monoxide at elevated temperatures. (The 
=sence of an aluminum film between the substrate and SiO 
es not exclude the possibility of such a reaction. For 
ample, recent work (Dasilva and White 1961) on aluminum— 
iminum oxide capacitors indicates oxygen may diffuse 
ite rapidly through an evaporated aluminum film.) This 
substantiated further by the fact that silicon monoxide 
ns with little or no stress can be prepared by deposition 
low rates in water vapour partial pressures above 
-&§mm Hg, e.g. zero stress at water vapour partial pressure 
7 x 10~-> mm Hg and a deposition rate of 10 A/s (source 
operature of 1183° c). 


J. PRIEST 
H. L. CAs WELL 
3rd August 1961 


jernational Business Machines 
Corporation, 

omas J. Watson Research Center, 
rktown Heights, New York, 
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2 letter by Priest and Caswell on the nature of stresses in 
con monoxide films is of interest to us. Apart from our 
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work on the removal of stresses in silicon monoxide films on 
aluminium front surface mirrors, we also briefly investigated 
the nature of the internal forces in silicon monoxide films 
deposited on to annealed aluminium foils. This latter work 
was not published but it showed that the stresses in silicon 
monoxide films can be either tensile or compressional 
depending on their mode of growth. We observed that 
silicon monoxide films deposited slowly (1-2 A/s) at high 
pressures (1-2 x 10-4mm Hg) were under compression 
whereas films condensed at a pressure of 10~> mm Hg were 
in tensile stress. The tensile stress of these latter films slowly 
changed to one of compression after a period of atmospheric 
exposure. 

We have concluded from the foregoing that the silicon 
monoxide films deposited at a low pressure are incompletely 
oxidized, as can be observed from their optical properties, 
whilst films deposited at the high pressures tend more to the 
composition of silica and contain excess gas sorbed during 
growth. Desorbed water vapour in the vacuum system may 
chemically react with the growing deposit so that hydrogen 
is absorbed in the film. Whilst we do not discount the 
possibility that water vapour desorbed by glass during baking 
reacts with the silicon monoxide film, the relief of stresses in 
silica like films deposited at high pressures is more likely to 
arise from gas being desorbed by the deposit. Further, as our 
silicon monoxide layers were on aluminium films, one would 
expect water vapour desorbed from the glass to react mainly 
with the aluminium rather than with the silicon monoxide. 

The silicon monoxide films studied by Priest and Caswell 
were deposited at lower pressures and generally at faster 
evaporation rates than that used by us. Such films are 
generally deficient in oxygen and would be expected to show 
a tensile stress due to lattice disorder or differential expansion 
relative to the substrate. The results of Priest and Caswell 
show that the tensile stress disappears at a deposition rate 
of 10A/s in water vapour at 7 x 10->mmHg. If the 
evaporation rate was further lowered and the pressure raised 
they would probably find that the initial stress became 
compressional. 


L. HOLLAND 
T. PUTNER 
15th August 1961 


Vacuum Deposition Research Division, 
Edwards High Vacuum Ltd., 

Manor Royal, Crawley, 

Sussex. 
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Essentials of dielectromagnetic engineering. By H. M. 
ScuHuicKe. (London: John Wiley, 1961.) Pp. xxii + 
242. Price 76s. 


The title of this book requires some explanation, and hence a 
subtitle has been added, equally clumsy, but at least fairly 
clear: An introduction to the thinking in and the use of ferrites 
and high-permittivity dielectrics. One feels it would have been 
simpler just to call the book ‘The use of ferrites and high- 
permittivity dielectrics’. This would have been clear and 
concise. This clumsiness and verbosity pervades the whole 
book. Although the author is at pains to point out that he 
has intended to economize in space by giving principles and 
teaching the use of these by examples, a generous proportion 
of the book deals with generalities and explanations of the 
layout and of subject arrangement. The language is precious 
and forced and the whole tone of the book is unattractive. 

The book is designed for engineers and students who wish 
to understand the possibilities of the use of ‘dielectro- 
magnetics’. The first chapter is a sketchy and purely descrip- 
tive introduction to electromagnetism with special reference 
to high yw and high € media. Here, like in other parts of 
the book, there appear sudden changes from discussion of 
fundamentals to examples of rather special applications. 
One supposes that this is what the author means by “‘intuitive 
synthesis based, in part at least, on deductive reasoning from 
principles”. This chapter is followed by a somewhat unsyste- 
matic description of ferrite and dielectric material properties. 

After these two introductory chapters applications form 
the rest of the subject of the book. Lumped circuit elements, 
distributed elements and non-linear and other unusual appli- 
cations are treated in turn. All these chapters give the 
impression of being somewhat untidy. 

For the price of 76s. most students and young engineers 
would expect a more easily readable and more comprehensive 
book. 

The book is very well produced, has fairly adequate illustra- 
tions but a poor list of references and an indifferent index. 

K. HOoseELitTz 


Progress in cryogenics. Vol. 3. Edited by K. MENDELSSOHN. 
(London: Heywood, 1961.) Pp. vii +173. Price 45s. 


The remarkable properties of materials at deep low tempera- 
tures are bound to find wide applications sooner or later. 
A few applications seem already assured of wide usage and 
many others are receiving detailed consideration; it has been 
seriously suggested, for example, that the practicability of 
thermonuclear power generation may hinge on the possibility 
of producing extremely intense magnetic fields using super- 
conducting solenoids. If temperatures below 60° are to 
be used by the non-specialist in complex apparatus, consider- 
able progress will have to be made in rendering the means of 
production more flexible and more fool-proof. In short, a 
new branch of engineering must be developed. The editor 
of the series Progress in cryogenics intends to “‘provide sum- 
marizing articles on the whole field of low temperature 
methods as distinguished from low temperature physics or 
chemistry”. The publication seems well set, therefore, to 
assist in this new development. The present volume contains 
six articles. 

The first, by Dr. A. J. Croft, deals with the proven methods 
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of production of liquid helium. This is a field in whicht 
viewpoints of physicist and engineer have recently U 
combined, leading to the marketing of three propri¢ 
liquefiers. As aresult research into the properties of mate} 
at low temperatures has been accelerated and, the first | 
towards the widespread use of deep low temperatures ha, 
been successfully negotiated, there is a prospect of bij 
things to come. The article by Mr. W. E. Gifford is 4 
cerned with the design problems arising from two ni 
refrigeration cycles. Refrigerators based on these cycles i 
been constructed and have produced liquid helium and | 
promise considerable advances in flexibility, reliability 
ease of maintenance and operation. 

The other four articles reflect the widely different as 
that the term cryogenics can assume. Those by Dr. 
Hudson and Dr. C. D. Jeffries deal with methods of nug 
orientation. The temperatures involved here are genet 
well below 2° k and at this end of the scale the principl¢ 
the methods are not easily distinguished from the deta 
physics of the working substances. Mr. A. G. Lenfes 
article on heat exchangers deals mainly with the very I 
installations required for plant producing liquid air or ox 
on a ‘tonnage’ scale, and he includes photographs of excl 
gers whose size will surprise anyone familiar only 
laboratory liquefiers. Dr. I. E. Smith gives an accou 
the working of a rocket engine and compares liquid oxy 
and liquid hydrogen with other fuels in the matters of intr 
efficiency and ease of storage and distribution. ' 

The author is in each case very well qualified by experid 
to write on his subject. If the volume is to be criticize 
must be on the grounds that only the first two articles a 
are predominantly about cryogenic methods, for nuc 
orientation is not likely for some time to concern those wh} 
main interests are in wide applications of low-tempera 
phenomena, and the last two articles deal mainly with meth 
of handling of liquid oxygen which may not be simply e 
polated to lower temperatures. This nevertheless refi 
fairly well the present situation. To anyone who has ga 
an interest in the technical problems of low temperatures, 
prospect of following the development of the subject in 
series is very welcome. 


D. H. Maw 


Non-crystalline solids. Edited by V. D. Frécuette. (™ 
York, London: John Wiley, 1960.) Pp. xviii + ° 
Price 120s: 


This book consists of papers presented at the Conferenc 
Non-crystalline Solids at Alfred, New York, from 3r 
Sth September 1958. It was sponsored by the Nati 
Acadamy of Sciences, National Research Council and | 
Force Office of Scientific Research, Air Research 

Development Command. This Conference brought toge 
leading investigators from several fields interested in 
structure and properties of non-crystalline solids. The b 
deals with the scattering of radiation by non-crystal 
materials, electronic structure, relaxation phenomena 
structure and properties of special systems. 


Similitude physique—exemples d’applications 4 la méchani 
des fluides. By A. Martinor LAGARDE. (Pa 
Gauthier-Villars, 1960.) Pp. 70. Price 14.00 N.F. 
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zichesky Entsiklopedichesky Slovar. Vol. 1. A—D. 
(Moscow: State Scientific Publishing House, 1960.) 
Pp. 664. Price 45s. Obtainable, in Russian, through 
Collet’s, 44 and 45 Museum Street, London, W.C.1. 


uclear reactor containment buildings and pressure vessels— 
Proceedings of a symposium organized by the Depart- 
ment of Mechanical, Civil and Chemical Engineering of 
the Royal College of Science and Technology, Glasgow, 
17th to 20th May 1960. (London: Butterworth, 1960.) 
Pp. viii + 572. Price 100s. 


ais volume contains 22 papers and discussions devoted to 
|e analysis, design, construction and testing of containment 
uldings and pressure vessels of the type used in nuclear 
wer plants. It is divided into six sections: Current practice 
id future trends; Design studies and methods of stress 
ialysis ; Shell research—analysis and experiment; Engineer- 
g design, fabrication, erection and testing; Open topic 
yntributions; Summaries of the proceedings. 


fathematical handbook for scientists and engineers. By 
G. A. Korn and T. M. Korn. (New York, Toronto, 
London: McGraw-Hill, 1961.) Pp. xiv + 943. Price 
£7 15s. Od. 


ae handbook is a comprehensive reference collection of 
athematical definitions, theorems and formulae set out in 
‘creasing order of complexity, ranging from elementary 
gebra to elliptic functions, Legendre functions and so on. 
he most important formulae are clearly displayed and more 
stailed discussion is set out in smaller type. The book 
ries a number of appendices including a comprehensive 
ble of indefinite and definite integrals and numerical tables 
“most of the more important functions. 

‘The writers hope that the method in which the book is set 
it will enable readers to obtain a connected survey of 
athematical methods. 


lagneto-fluid dynamics. Edited by F. N. FRENKIEL and 

_ W.R. SEARS. Proceedings of a Symposium Sponsored 
by the International Union of Theoretical and Applied 
Mechanics in Co-operation with the National Academy 
of Sciences—National Research Council. (Washington: 
National Academy of Sciences-National Research 
Council, 1960.) Pp. 696 to 1032 + 693, 694 and 695 
(the same page numbers are used as in the Reviews of 
Modern Physics in which these papers also appear). 
Price $4.00. 


his is a collection of papers presented at the symposium: 
hich have already been published in Reviews of Modern 
aysics, and the page numbers are those used in this publica- 
on. The first session included an introductory survey of 
uid dynamics and plasma physics, and the following sessions 
aborated on these subjects. About fifty papers are included 
the volume. 
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Physical gas dynamics. By A. S. PREDVoDITELEV. (Oxford, 
London, New York, Paris: Pergamon Press, 1961.) 
Weyoy, [lfes3} = 3}, Ieawe: Si0\5 


This volume, translated from the Russian, contains the pro- 
ceedings of a symposium devoted to work carried out in the 
Power Engineering Institute of the Academy of Sciences of 
the U.S.S.R. It deals with the problems of gas dynamics and 
the thermodynamic properties of air at high temperatures 
(up to 12000° k) in a wide range of pressures from 0-001 to 
1000 atmospheres. Methods of calculating a normal shock 
with allowance for dissociation and ionization of the air are 
given. Part of the symposium is devoted to an investigation 
of the hydrodynamic phenomena accompanying electrical 
discharges in water. 

This book will be of interest to scientific workers, teachers, 
engineers, and students of senior courses in higher institutes 
of learning who are specializing in the field of gas dynamics 
and combustion physics. 


Technische Strémungslehre. By BRUNO Ecx. (Berlin, Got- 
tingen, Heidelberg: Springer-Verlag, 1961.) Pp. 453 +x. 
Price DM 31.50. 


This sixth edition includes in particular new work on gas 
dynamics and the motion of solid bodies in fluids. 


An introduction to astronomy. By R. H. Baker. (U.S.A., 
Canada: D. Van Nostrand Co., 1961.) Pp. 364 + 8. 
Price 41s. 6d. 


This sixth edition includes information gleaned during the 
recent International Geophysical Year, and a description of 
recent developments from radio astronomy. 


Cobalt Monograph. Edited by Centre d’information du 
Cobalt. (Brussels: M. Weissenbruch, 1960.) Pp. 515 
+ xy. Price B.F.750 


This book is a complete survey of cobalt, its occurrence, 

mining, extraction, the properties of cobalt and its alloys and 

a review of both metallic and non-metallic applications. 
Medical aspects are also covered. 


Nuclear instruments and methods. Edited by K. SIEGBAHN. 
(Amsterdam: North-Holland Publishing Company, 1961.) 
Pp: 253)-— x.) Price.90s: 


This is a report of the proceedings of the Second Accelerator 
Conference held in Amsterdam in 1960. The Conference was 
divided into sessions which considered Nuclear physics, 
Particle research and Physics of radiation research. 


Modern physics for the engineer. Edited by L. N. RIDENOUR 
and W. A. NIERENBERG. (New York, Toronto, London: 
McGraw-Hill, 1961.) Pp. xv + 383. Price 74s. 
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Notes for the Preparation of Papers for the British Journal of 
Applied Physics 


The following instructions refer to the main points which 
have to be considered in the preparation of a paper for publi- 
cation, and authors offering papers to the British Journal of 
Applied Physics for publication are asked to conform to these 
recommendations. 


Manuscripts 


Manuscripts should be typed in double spacing on paper 
not wider than 8in. and not longer than 13in. Only one 
side of the paper should be used, and a margin of 1-14 in. 
should be left. As alterations in the text cannot be allowed 
once the paper is set up in type, authors should aim at absolute 
clarity of meaning and of typing, and should check the type- 
script carefully before submission. All manuscripts should 
be submitted in duplicate, and in addition to the fair copies, 
a set of small copies or prints of the diagrams (not larger than 
foolscap) must be attached to each MS. (This enables MSS. 
to be sent to two referees at the same time and so assists rapid 
publication.) 

Abstract. An abstract is printed at the beginning of the 
paper immediately after the title, name(s) of author(s), and 
place of employment of author(s). Two extra copies of the 
‘title and abstract’ page are required for the records. 

Mathematics. It is not necessary to give detailed deriva- 
tions of mathematical expressions and formulae in a published 
paper when the work is straightforward; it is quite sufficient 
to indicate the method of treatment and the final results. 

References. In the text bibliographical references are made 
by giving the name of the author and the year of publication 
in brackets, e.g. (Jones 1942), and details are given in the last 
section, ‘References’, where the references are arranged in 
alphabetical order of authors’ names and in date order for 
each author. 


Drawings 


Drawings should be in Indian ink on tracing cloth, tracing 
paper or white card, with lettering in soft or blue pencil; 
lettering of a size suitable for reduction will be inserted by 
our draughtsman. The drawings should in general be 
sufficiently large to allow of reduction in printing, and the 
lines should therefore be bold; the frame lines of graphs 
should be slightly finer than those of the plotted curves. 

Full details are available in the Institute and Society’s 
‘Notes for Authors’, obtainable from the Editor and Deputy 
Secretary, The Institute of Physics and The Physical Society, 
1 Lowther Gardens, Prince Consort Road, London S.W.7. 

Papers for publication in the British Journal of Applied 
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Physics should be sent to the Editor and Deputy Secretan 
the same address. 


Letters to the Editor 


We should like to draw readers’ attention to the public 
of Letters to the Editor in this journal. We have ard 
with our printers to publish letters received up to six wy 
before the date of publication, provided they are repos 
upon favourably by our referees. For example, items 
publication in the December issue of the Journal shoul 
received in the office not later than 20th October. Le 
from the Continent will be published in French or Ge 
if necessary to avoid further delay. This also applies t 
other two journals of The Institution of Physics and 
Physical Society, i.e. the Proceedings of the Physical Soa 
and the Journal of Scientific Instruments. 


Corrigendum 


The structure of non-destructive testing by K. W. ANDRI 
Brit. J. Appl. Phys., 12, 127. 


The sentence beginning ‘His definition of magtl 
methods ” (line 18 of introduction) should read | 
definition of magnetic methods was already too narrow | 
metallurgists and others have been aware of a numbe: 
electrical and magnetic methods which have been avail 
for several years (Lewis 1951, Institute of Metals 1958a). | 
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Contents of the October issue 


PAPERS 
Instrument for the continuous determination of the mechanical internal e 
losses in high-polymer solids over a wide range of temperature frequi 


By P. Lord and R. E. Wetton. 
Digitizer-to-tape punch-coupling unit. By L. Molyneux, E. E. Schneider § 
By R. Wickham. 


G. R. Sharp. 

Crystal-pulling furnace for gallium arsenide. 

Method of linearizing thermistor thermometer data in calorimetry. By } 
Larson, I. T. Myers and W. H. Le Blanc. 

Improved microfurnace power supply. By J. H. Welch. 

Systematic operational testing of the von Eller optical synthesis machine 
J. C. Coppola. 

Instrument for cutting animal tissues into small pieces (< 3 mm3) with p 
vation of viable cells. By A. L. Sims. 

Anti-distortion mountings for instruments and apparatus. By R. V. Jones.} 


LABORATORY AND WORKSHOP NOTES 


On the adjusting of the de Wolff type Guinier camera. By L. Zsoldos. 
Simple storage method for thin self-supporting carbon films. By M. Nobes 
sw of slow motion devices at motor speeds near the stalling value. By * 

eorge. 
Stabilized power supply for microcalorimetry. By J. D. Hill and E. A. Stee 
Flexible coupling and overload safety device. By F. Deutsch. 


CORRESPONDENCE 
Simple electromanometer utilizing the CdS photoconductive cell. 
Azuma, T. Kanno and T. Hirota. 
Monitors for diffractometer X-ray beams. 


Frot 
By K. D. Chandrasekaran. 


NOTES AND NEWS 
New instruments, materials and tools 


Notes and comments | 


It deals with all branches of applied physid 


Prospective authors are invited to prepare their scripts in acco) 


Details may bs 


meNFERENCE REPORTS 


Abstract 


2 annual conference of the Electron Microscopy Group 
the Institute of Physics and the Physical Society was 
d in the Department of Chemistry, the University of 
ttingham, from 10th to 14th July 1961. A general 
j;ount of the proceedings is given. 


ae D. D. Eley (University of Nottingham) 
| & opened the conference by welcoming the two hundred 
and sixty participants and explaining the workings of 
| magnificent new lecture theatre. 


Metal physics 


in an invited lecture Professor L. F. Bates (University of 
ttingham) described the domain structures of various mag- 
jic materials as seen in the light and electron microscopes. 
main structures in single crystals and polycrystals, the 
(itionship between domain spacing and applied field and 
, domain patterns near imperfections and inclusions, were 
in treated in detail. This clear and authoritative exposition 
‘led with a plea for the more extensive use of the electron 
4sroscope, particularly in deriving quantitative information. 
s theme was continued by Dr. D. J. Craik (Department of 
47sics, University of Nottingham) who described results of 
}electron microscope study of the domain structure in fine 
sined materials and compacts. The critical particle size, 
which splitting into domains gave no reduction in energy, 
3 estimated from the limiting size of particles split into two 
jnains and this value agreed well with calculated radii. 
_ J. Silcox (Cavendish Laboratory, University of Cam- 
dge) and Dr. P. Gaunt (University of Sheffield) had studied 
j1 foils of an aged Au-1-5% Co alloy. Most of the ferro- 
gnetic cobalt precipitates appeared as disks parallel to 
0], the disks being arranged in sheets also on [100]. The 
\pe anisotropy of these particles was thought to make a 
‘all contribution to the coercivity of the alloy. With thin 
(s of nickel it was possible to view dislocations and domain 
ills simultaneously. Clearly the electron microscope could 
itribute much to improve our knowledge of magnetic 
ictures. Mr. P. L. Ryder (Department of Metallurgy, 
iversity of Leeds) described the preparation of thin foils 
m Calder quality, commercial uranium strip. Although 
metal oxidized very readily during electropolishing, there 
‘e small, oxide-free regions suitable for transmission 
‘roscopy and in such areas dislocation networks were 
served with good contrast and resolution. In discussion of 
3 paper Mr. B. Hudson, Dr. K. H. Westmacott and Dr. 
| J. Makin (Atomic Energy Research Establishment, 
rwell) pointed out that the surface film on thin foils of 
nium could be removed in some 20 seconds by a solution 
75 cm} sulphuric acid, 7 cm? water and 18 cm? glycerol, 
dat 6 v open circuit with a Pt or Nicathode. The neutron 
idiation of «-uranium had been studied using thin foils 
aned in this manner. 

The study of iron powders using surface replicas and 
‘rotome sections was described by Dr. W. I. Mitchell 
ternational Nickel Co. (Mond) Ltd., Birmingham). The 
vder was formed by decomposing iron pentacarbonyl and 
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showed a characteristic ring structure. Techniques for 
studying stress corrosion in copper alloys were reported by 
Mr. D. Tromans (Department of Metallurgy, University of 
Leeds). Carbon replicas from the surface of massive speci- 
mens of 70/30 brass and thin, ultramicrotome sections were 
used to examine the cracks formed during stress corrosion in 
ammonia vapour, whilst stress corrosion of thin foils prepared 
by electropolishing was also investigated. The role of 
stacking faults in the stress corrosion process was discussed. 
Mrs. H. M. Scott (National Engineering Laboratories, 
Glasgow) had studied the behaviour and mechanism of 
rupture of oxide films on aluminium during deformation. 
The results were related to the frictional properties of the 
metal and their significance with respect to exo-electron 
emission from strained metal faces was also discussed. 
Mr. H. McArthur and Mr. D. G. Teer (English Electric Co. 
Ltd., Leicester) described an electron microscope study of the 
mode of adhesion of nitrided steel surfaces in static contact 
at high temperatures. 

Dr. D. W. Pashley and Mr. A. E. B. Presland (Tube 
Investments Research Laboratories, Hinxton Hall) discussed 
the relation between specimen contamination and the move- 
ment of dislocations produced in metal films during electron 
microscope examination, illustrating the effects with a short 
cine-film. The rate of contamination was controlled by 
surrounding the specimen with a relatively high pressure of 
oxygen and experiments with evaporated single crystal films 
of gold showed that buckling and dislocation movement arose 
entirely from the formation of the contamination layer and 
were independent of the cooling effect of the gas. A trans- 
mission electron microscope technique for measuring the 
dihedral angle at twin/grain boundary intersections was 
described by Dr. M. C. Inman (National Physical Laboratory, 
Teddington). The twin boundary energy could be determined 
from these measurements and for Cu, a value of 11 erg cm~? 
was found, which gave an estimate of 22 erg cm~? for the 
stacking fault energy in this metal. The addition of | wt %Sb 
to Cu reduced the surface, grain boundary and twin boundary 
energy by a factor of two and this was interpreted as evidence 
for segregation to stacking faults. Mr. G. Pollard and 
Mr. R. A. Sinclair (Department of Metallurgy, University of 
Leeds) reported a transmission electron microscope study of 
thin foils prepared from aged Al4% Cu and O.F.H.C. 
copper sheet crept near 0:5 Ty. Inter-dislocation and 
dislocation-precipitate reactions, leading to the formation of 
sub-grain boundaries, were observed, whilst during creep the 
@’ precipitates in the aged alloy were sheared. Mr. W. K. 
Armitage and Dr. P. M. Kelly (Department of Metallurgy, 
University of Leeds) had examined thin foils of a commercial 
Cu-1:8% Be alloy, aged below 325°c. The hardening 
mechanism at these ageing temperatures involved the forma- 
tion of ordered regions of the CuAu I type in the face centred 
cubic «-phase whilst an atomic mechanism was proposed for 
the deformation of the ordered alloy by twinning rather than 
slip. Dr. P. M. Kelly also described his work on thin foils 
of lower bainite in 0-65 % C low alloy steel. The precipitated 
carbide was found to be cementite with the same arrangement 
and orientation relationship as the carbide in tempered high 
carbon steels. The implications of the similarity between 
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lower bainite and tempered high carbon martensite were also 
discussed. A study of the stacking fault energy of some 
stainless steels and Cu—Ni alloys was reported by Mr. D. 
Dulieu and Mr. D. Tromans (Department of Metallurgy, 
University of Leeds). Both in a Cu-20% Ni alloy and in 
‘Kunifer 5’, cross-slip was observed, indicating a high stacking 
fault energy. In 18/10 stainless steels, the stacking fault 
energy decreased with nitrogen content and in the high 
nitrogen steel there was some evidence for the segregation of 
nitrogen to stacking faults. The use of the electron micro- 
scope in measuring the equilibrium groove angles developed 
at the junction of grain boundaries with the free surface of 
copper and Cu-Sb alloy wires was described by Mr. H. R. 
Tipler (National Physical Laboratory, Teddington). Using 
previously determined values of the surface energy, the grain 
boundary energy could be calculated and it was found that 
the addition of + to 1 wt% of Sb reduced the grain boundary 
energy by about 50%. The change of surface energy with 
crystallographic orientation was being investigated with a 
goniometer stage (see later). The final paper in this session 
was given by Mr. C. Baker and Mr. G. W. Groves (Depart- 
ment of Metallurgy, University of Cambridge). Thin foils of 
non-metallic materials were prepared by the repeated cleavage 
of single crystals, subsequent thinning by chemical polishing 
being used when necessary. The stacking fault energy of 
graphite was deduced from the width of the extended disloca- 
tions and the values compared with those calculated on the 
basis of isotropic and anisotropic elasticity. The annealing 
of dislocation loops in MgO and in graphite was studied and 
the activation energy of self-diffusion in graphite was found 
to be 6:5 ev. 


Electron diffraction 


In an invited address Dr. T. B. Rymer (Department of 
Physics, University of Reading) discussed recent develop- 
ments in the theory and practice of electron diffraction and 
interference. To extend the scope of these techniques in 
structure analysis, the measurement and interpretation of the 
observed intensities still needed a firmer theoretical basis, the 
major obstacle being the calculation of the amplitude of the 
electron wave field in the structure itself, as distinct from that 
of the primary beam. The simple kinematic theory was out- 
lined, followed by the alternative approaches offered by the 
2-wave approximation of the dynamical theory and by 
refining the kinematic theory. Japanese work (Fujimoto 
1959) over the last few years had used matrix methods to give 
an explicit formulation of the intensities of the scattered wave 
in the form of a power series. The intensities can thus be 
calculated to any degree of approximation; taking only the 
first few terms of this series, reasonable agreement with 
previous theories is obtained, though the significance of 
certain numerical factors is still uncertain. If more terms are 
included, difficulties arise, especially when dealing with thicker 
crystals at lower electron speeds. Current trends in electron 
interferometry were then outlined. Marton, Simpson and 
Suddeth’s (1959) arrangement of a series of carefully oriented 
crystals to provide interfering beams is simple and is inde- 
pendent of electron speed, though the difficulty in obtaining 
perfect crystalline films is delaying its development as an 
interference microscope. The bi-prism lens developed by 
Mollenstedt and Duker (1956) was described and the inner 
potentials of crystal structures may now be determined in 
elegant fashion. Finally the work of Jonsson (1961) in con- 
structing a copper grating for electron diffraction, with slits 
1 uw wide, spaced 2 [4 apart, was mentioned. 

Mr. J. C. North and Mr. J. C. Henderson (Post Office 
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Research Station, Dollis Hill) had modified the stereo-ht | 
in the Elmiskop I so that a sample 3 mm? and 4mm | 
could be placed in the microscope for reflection diffraq)| 
without removing the objective pole piece. The sample « 
be positioned by the normal stage controls and tilted tc} 
the best diffraction pattern, the circularity of the rings | 
quite good. Mrs. H. M. Scott (National Engine 
Laboratories, Glasgow) discussed the abrasive par 
present in the oils of internal combustion engines and f 
are an important cause of wear. Their size and shapé 
been determined by electron microscopy and the maj 
had been identified chemically on the basis of their chi 
teristic diffraction patterns. Reflection electron diffray 
studies of the surfaces of graphitic and non-graphitic cat 
developed by unidirectional rubbing were described byy 
J. W. Midgeley and Mr. D. G. Teer (English Electric Co. | 
Leicester). Distinct orientations were observed and : 
were interpreted in terms of the basal plane slipping of} 
plate-like crystallites, the preferential removal of 
crystallites being only of minor importance. The correle| 
of these results with the frictional characteristics of 
surfaces suggests that the low friction of graphitic carb 
due mainly to the preferred orientation of the crysta | 
Dr. D. W. Pashley and Mr. A. E. B. Presland stated that 
foils of polycrystalline CuAu had been ordered by anne# 
at 350° c to give the tetragonal CuAul structure, ti 


i] 
t 
mission specimens having been prepared by electropoli 
| 


A fine scale twinned structure results from the orda 
process, the crystallography of which has been care} 
analysed by comparing the micrographs and selected 
diffraction patterns. Many examples fit well with} 
expected [101] type twin planes; cases of poor fit cai 
explained in terms of [101] twinning, if allowance is madd 
the curling which sometimes occurs at the edge of eleq 
polished foils. Mrs. A. B. Franklin and Dr. D. W. Pas} 
(Tube Investments Research Laboratories, Saffron Wal 
had evaporated very thin layers of face centred cubic m 
on to smooth [111], single crystal surfaces of gold and si} 
inside an electron diffraction camera. Since the ratd 
deposition was low, the early stages of alloying could 
studied. The reflection diffraction patterns indicated tha 
certain substrate—deposit combinations, alloying occurs i 
early stages due to the penetration of deposit atoms with | 
thermal energy into the substrate, at substrate temperat 
which normally would not allow any appreciable i 
diffusion. Where there is only limited solubility of! 
deposit metal in the substrate, the surface layers of the ld 
become supersaturated with deposit metal which can ] 
diffuse out in annealing. Dr. D. W. Pashley and Dr. N 
Stowell (Tube Investments Research Laboratories, Saf 
Walden) described diffraction patterns from evaporated 
of gold and silver prepared in [100] and [111] orientations} 
containing many twinned structures. Besides diffrac 
spots from the twins, certain anomalous additional s 
occur which apparently arise from double diffraction e 
With randomly orientated, polycrystalline material, 
additional spots introduce extra rings, all of which car 
accounted for in terms of the double diffraction effect. 

extra rings, however, are not consistent with the formatio 
small amounts of hexagonal close-packed phases, as o 
workers have suggested. | 


Instruments and attachments 


Dr. P. Duncumb (Tube Investments Research Laborato 
Hinxton Hall) reported that when a low d.c. voltage 
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lied across a new type of ceramic-bonded phosphor 
yeen, it became highly sensitive to light, electrons and 
yays. This phenomenon afforded the basis of a simple 
jage intensifier and preliminary details of its application in 
ctron microscopy were given. The results were promising 
t the overall gain needed to be improved, so that half-tone 
zcts could be registered. The present rather long delay 
1e of the device might be turned to advantage in producing 
age storing systems. Mr. C. Washington and Mr. R. W. 
jarnhead (London Hospital Medical College) discussed the 
tidirectional tilting of specimens through large angles and 
{scribed a device capable of +65° tilt. It had proved simple 
yd reliable in use, the adjustments in focusing and stage 
jatrols being quickly learned. Much interest was shown in 
ys device and the great improvement in contrast on tilting 
uld prove useful, especially with biological structures. 
. E. H. Andrews (The Natural Rubber Producers Research 
sociation) stated that no straining devices for the electron 
croscope capable of applying very large strains were 
ailable. Natural rubber and other elastomers, however, 
dergo partial crystallization changes at strains in the range 
400% and to investigate these a specimen capsule 
viding extensions up to 1000 % had been designed. A pair 
tsliding jaws, initially separated by 0-1 mm, can be opened 
/ng a lever system which is push-button operated, to give 
jap of 1mm. The restoring force is provided by a small 
tober band encircling the jaws. Successful studies of 
ain-induced crystallization were illustrated by slides. To 
; specimens through large angles and to avoid shift of the 
P field when inducing tilt, Mr. D. C. Barnes and Mr. E. 
jarner (National Physical Laboratory, Teddington) had 
‘signed a goniometer stage based on the principle of locating 
all, in which specimens are mounted in an inverted cone. 
# their instrument a hemisphere, 3% in. diameter, is used 
id the push pins which contact the diametral plane are 
ved to tilt the specimen through +22° about each of the 
itually perpendicular axes. Thus a composite angle of 
put +30° specimen tilt may be obtained. The speakers 
're congratulated on the precision and accuracy of the 
sniometer and they stated that a simpler version was being 
jveloped. Dr. U. Valdre (Instituto di Fisica, Bologna) also 
scribed a goniometer stage with restricted specimen move- 
ont and with facilities for cooling the specimen under 
jamination. Dr. K. F. Hale and Dr. D. McLean (National 
sical Laboratory, Teddington) had used the new gonio- 
iter in an investigation of the ageing of Fe-C and Fe-N 
oys. The thin foil specimens were tilted about conventional 
entations so that the crystallography of the precipitates 
ith respect to the matrix could be simplified and the growth 
ames determined. 
(Dr. A. Strojnik (University of Ljubljana) described the 
nstruction of simple electron microscopes with reasonably 
th resolution. An analysis of the world literature of 
»xctron microscopy had shown the need for a simple instru- 
mnt capable of resolving 30 A. The completed design was 
scussed. The lenses were combined in one unit, leading to 
2at mechanical stability, a small number of vacuum con- 
ctions and extreme compactness. Fixed magnifications of 
0, five and ten thousand times were decided upon. For 
2 high voltage supply a 50 c/s system was preferred, whilst 
w drift saturated diodes were used as voltage regulators for 
2 lens systems. Such diodes had excellent long-term 
ibility after the initial warming-up period. A simple com- 
jation of magnetic and electrostatic control of astigmatism 
is used, capable of rapid and certain adjustment, and the 
ial instrument was able to resolve 25A regularly. This 
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paper had an enthusiastic reception and in discussion Dr. 
Strojnik gave details of a new stage control for moving the 
specimen with extreme accuracy. Dr. le Poole (Technical 
Physics Laboratory, Delft) congratulated the speaker in 
achieving such an efficient and reasonably priced instrument, 
but nevertheless pleaded for work on high resolution micro- 
scopes to continue, since for certain classes of work they were 
indispensable. 

This session was completed by two invited lectures, both 
of which were received with great enthusiasm. Mr. T. 
Mulvey (Associated Electrical Industries Ltd., Aldermaston) 
gave a fascinating account, enlivened by many entertaining 
asides, of the development of the electron microscope. He 
had been impressed by the lack of agreement amongst text- 
book writers on this subject, by the hesitant acceptance that 
electrons had optical properties and by the fact that possibly 
in no other field of applied science had so many prophecies 
later been proved false. The instrument had developed, not 
as the brain-child of the research physicist but rather from 
electrical engineers using the cathode-ray oscillograph as a 
means of studying surges in high voltage transmission lines. 
It was striking that the dual nature of cathode rays, waves 
and particles, had been recognized well before 1900 whilst 
the concentrating effect of a solenoid on such rays had been 
known before 1890. The cathode-ray oscillograph was 
gradually improved; plain tungsten filaments and oxide- 
coated ones were developed alongside the known cold cathode 
systems; photographic recording within the vacuum of the 
oscillograph was also perfected. As early as 1924 Gabor 
had effectively increased the concentrating effect of the coils 
by encasing them in soft iron sheeting whilst in 1926 Busch 
had demonstrated that for an inhomogeneous magnetic field 
of rotational symmetry produced by a short solenoid, the 
relationships involving focal length, field strength and 
electron speed fitted well-known light optical formulae. 
Even so, he did not realize that he was dealing with an 
optical system and made no suggestion that his ‘lens’ could 
be used in a microscope. Thus it was as late as 1935 before 
it was realized that electron optics were possible and Ruden- 
berg is now credited with the first invention of an electron 
microscope as such, the first instruments being essentially 
cathode-ray oscillographs using techniques which had been 
known for over thirty years. Even in its early stages, many 
opined that it would be of limited application only, suitable 
for robust specimens but not for organic materials. By 1939, 
however, the situation had improved and for the first time 
the resolution of the electron microscope exceeded that of the 
light instrument, and from then onwards, with various set- 
backs due to the last war, the development of electron optics 
has been steady and impressive. In this account it is impos- 
sible to do justice to the many pioneers mentioned by Mr. 
Mulvey, but clearly his audience looked forward to reading 
a full, published account of his historical researches. 

In the second lecture Dr. V. E. Cosslett (Cavendish 
Laboratory, University of Cambridge) said in view of the 
previous remarks, he had some hesitancy in discussing the 
future trends in electron microscopy. Nevertheless, he main- 
tained that some problems were certain to attract attention 
within the next five years. In examining very thin specimens 
at 100 kv with magnetic lenses, the present resolution limit 
was some 5 or 6A. Theory indicated that this performance 
could be bettered by a factor of two at least, hence such work 
needed to be done, especially since all adventitious effects 
had been removed from the electrostatic lens instrument. 
Again, microscopes with high voltage beams would assume 
a greater importance. Not only might they offer a better 
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design compromise between practical and adventitious factors, 
but they would make possible the examination of material 
in bulk. Already for metallic and other inorganic structures 
voltages of 200-750 kv had shown great promise, but for 
organic materials the indications were that voltages of the 
order 2000 kv would be necessary. Thus many biologists 
consider that the problems of radiation damage to the 
specimens will need to be studied. It was likely that Dr. 
Cosslett’s own laboratory would enter this high voltage field, 
indeed, work had already started using a commercially 
available 600-800 kv supply. Another trend would be the 
chemical analysis of specimens within the electron microscope, 
using small area diffraction techniques and characterizing the 
x-rays from selected regions. Aiready this was possible on a 
semi-micron scale and this form of analysis was clearly ripe 
for development. With the acknowledged success of electron 
microscopy in the research field, one could also expect its 
extended application, particularly by industry, to problems 
of a more routine control character, whilst in conclusion the 
speaker mentioned the plans being considered by the British 
Joint Committee for Electron Microscopy in training, at all 
levels, an adequate supply of electron microscopists. 


Techniques 


The majority of the papers in this session concerned the 
ion bombardment of specimens, a technique which is likely 
to become most valuable, particuarly in the study of metals. 
Mr. P. Bowden (Department of Metallurgy, University of 
Cambridge) had bombarded thin Au foils, prior to micro- 
scopic examination, with argon ions of 80 ev energy at —50° c. 
Even with such low energy beams, contrast changes were 
observed, due to small dislocation loops which at first line 
up in rows along the [111] directions. With higher ion doses, 
long parallel pairs of dislocations are formed. A carbon 
film on the foil surface appears to reduce these effects. 
Mr. A. J. Baker (Department of Metallurgy, University of 
Cambridge) using a similar technique, reported effects with 
Pt foils. Many discrete dislocation loops were produced, 
lying along the [111] directions as in Au, and later these 
joined to form long, single loops. On annealing at 1200° c 
using a hot stage in the microscope, the loops climbed out 
of the surface and formed regular networks with individual 
dislocations lying along [211] directions. In discussion 
Dr. D. W. Pashley said he had observed similar phenomena 
due to ion bombardment in the microscope itself, while it 
was generally agreed that the mechanism whereby such large 
numbers of one type of dislocation are formed differs from 
that involved in «-particle and neutron irradiated foils. 
Mr. A. D. G. Stewart (Engineering Laboratories, University 
of Cambridge) outlined the features of a three-lens electro- 
static scanning microscupe with facilities for bombarding the 
surface under examination with a focused beam of argon 
ions. To allow bombardment simultaneously with observa- 
tion, the image was formed by collecting only the high energy 
reflected electrons. Many photographs, with remarkable 
depth of field, were shown of etch pit formation and preferred 
orientation effects in polycrystalline aluminium, whilst in Sn 
a series of spike formations were observed. Apparently dust 
particles on the metal surface could shield the underlying 
layers from ion bombardment. Because of the elegant tech- 
nique which it involved this paper attracted much discussion. 
Mr. Stewart said that he hoped to extend the study to other 
ions such as oxygen and also perhaps to record diffraction 
patterns of the bombarded surfaces. Similarly, Mr. Massini 
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(Messrs. Triib-Tauber, Switzerland) described an instruj 
for studying metal surfaces by emission microscopy 
under bombardment from an ion beam. The temperatu 
the specimen was controllable between 20° and 2000° a 
since the ion beam could also be varied, metal/gas || 
actions could be studied under a variety of conditions. | 
phenomena are rapid and cine-film techniques are esse 
In a fascinating film, which drew much applause, Mr. Ma 
clearly demonstrated the versatility and usefulness of] 
instrument by showing melting and oxidation effects in val 
irons and steels. Mr. R. H. Alderson (Associated Elect 
Industries (Manchester) Ltd., Manchester) discussed 
factors needed for controlled ion-etching effects in mi 
The specimen must be in good electrical contact with 
cathode; hence to give a conducting mount it was emb 

in a resin containing Al powder. To avoid damage td 
mounting film, the ion beam should be confined by 
aperture, made of stable material with low sputtering 
e.g. oxidized Al foil, 5 x 10-3 in. thick. During ion etc! 
a pane: auxiliary anode around the specimen is 


Cr 


(The Shirley Institute, Manchester) had applied ion-etl 
to a study of tyre-cord adhesives containing methacry } 
graft latex and a resorcinol-formaldehyde resin. [ 
adhesives were etched differentially, the latex compoi| 
being removed faster than the resin. Presumably the / 
has the greater adhesion and acts by retaining the latex, w 
can then bond during later vulcanization, to the vulcanij 

Two interesting papers on the field ion microscope * 
presented. Mr. M. J. Southon (Department of Metallu 
University of Cambridge) described prejiminary studie; 
extend the scope of such an instrument so that more m 
point surfaces could be examined in atomic detail. At pred: 
only refractory metals, e.g. tungsten, may be examined g 
the points are often evaporated under the intense field stres 
Results using Mo and Ni points were illustrated, toge 
with current/field dependence on point radius. Since 
intensity on the viewing screen is low there is clearly a1 
for image intensifiers to be used. Image quality under var} 
conditions was also studied, the contrast being better at Id 
field strengths, whilst as field strength increased, con 
weakening and finally reversal set in. Mr. M. Wald (Dey 
ment of Metallurgy, University of Cambridge) descr? 
similar work with W and Mo points of 500 A radius. G 
boundary widths in Mo were found to be of the order 
whilst a study of edge dislocations enabled the geometr} 
the atoms in the different planes to be found. Irradiatio 
W points with particles of 5 mev energy during the op! 
tion of the microscope caused damage which consistea 
a large number of vacancies. The atoms released in 
process mostly adhere to the point surface. The ensv 
discussions showed that this new approach to metal struc? 
analysis would prove most useful. 

Dr. U. Valdre analysed the dislocation movements in 
foils which arise from the conditions of preparation. 
specimens were deformed and first polished on both side 
remove slip steps, then protected on one side with vari 
and finally thinned from the other side. Dislocation mc 
ment during polishing is revealed by single slip traces . 
after polishing by double slip traces and preliminary res| 
on stainless steel indicated that quantitative assessments 
now possible. 

Mr. P. H. Harris and Mr. E. L. Thompson (British Ny 
Spinners Ltd., Pontypool) mentioned the difficulties 
obtaining melt-cast polymer films which are sufficiently t 
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| transmission microscopy. An instrument was described 
jereby 10 yw thick films of nylon, contained in a silicone oil 
jtperature bath, could be compressed into thin films. If 
juired, the sample could also be ejected quickly into cold 
jmching baths. Phase changes in nylon 66 were used to 
|\w the action of the instrument and Mr. B. J. Spit (Delft) 
wed similar effects in other forms of nylon melts. Mr. M. 
juntz and Dr. M. Seal (Engelhardt Industries Inc., New 
jsey, U.S.A.) mentioned that cylindrical pellets, 5 mm long, 
_mm diameter, containing Pt sintered with various carriers 
|:luding carbon) were available from the petroleum refining 
justry, where they were used as catalysts. The pellets 
1d be inserted between the faces of a carbon arc and had 
ved cheap and satisfactory in preparing Pt-shadowed 
bon replicas for electron microscopy. Ir and Pt/Ir alloy 
ve also available in pellet form. Miss B. J. Perkins and 
|, D. G. Teer (English Electric Co. Ltd., Leicester) reported 
fovel method for the replication of small curved surfaces 
jh as fine journal bearings or biological fibres. A thin 
p of flexible tape, coated with Formvar, was placed on the 
face, moistened with chloroform and the Formvar pressed 
inst the surface by means of a needle. The replicating 
tem was then removed and a metal/carbon replica made 
jthe usual manner, excellent and consistent results being 
jained by this method. Though replication techniques 
jed on flexible backing materials had some merits, it was 
‘ught that with careless use, stretching might occur and so 
1 to a wrong impression of the dimensions involved. 
/. F. R. Johnston and Dr. J. Sikorski (Textile Physics 
syoratory, University of Leeds) stated that for the routine 
{mination of the surface of a wool fibre, the latter should 
/ partially embedded in Formvar which had been softened 
+ warm acetone. The exposed fibre surface was then 
‘dowed with Pt/C, backed with a collodion film and scribed 
5) squares. The latter were placed on specimen grids and 
sosed to chloroform vapour, which remoyes backing film, 
bedding medium and the original fibre. In interpreting 
h fibre replicas, abnormal effects where the fibre enters 
» embedding medium must be considered. 
Notwithstanding the successful application of ultramicro- 
ay to the elucidation of fibre structure, there is still need 
/ alternative techniques such as fragmentation. Mr. D. J. 
‘inson and Dr. J. Sikorski (Textile Physics Laboratory, 
iversity of Leeds) said that much of the controversy in this 
d arose simply from the differing experimental conditions 
d by various workers. Sometimes a wide range of micro- 
‘ils was revealed whilst often no evidence of fibrillation 
3seen. However, highly reproducible data on the micro- 
‘ils could be obtained by ultrasonic irradiation without 
prior use of other fragmentation methods and to support 
3; view slides of regenerated and native cellulose, keratin 
‘| various synthetic fibres were shown. This theme was 
itinued by Mr. R. A. Bentley and Mr. J. Cartwright 
fety in Mines Research Establishment, Sheffield) who 
cribed mechanical dispersion methods for isolating collagen 
‘ils from fibrosed lung tissue. The tissue is first treated 
a power driven apparatus designed to produce large 
sous shear forces and this is followed by ultrasonic treat- 
nt at 40 kc/s. Since chemical treatments are not involved 
he extraction process their effects can be studied separately 
the isolated collagen. 

This session was completed by the showing of the new 
4 in sound and colour made by Associated Electrical 
lustries Ltd. entitled ‘The electron microscope’. This 
ult with the development of the instrument and its associated 
hniques in a popular but nevertheless scientifically accurate 
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manner and was well received. The production and film 
techniques were of extremely high standard and obviously 
this film will be much in demand for lectures to popular 
audiences. 


Sectioning 


The final session, attended by 150 people, was a symposium 
on the physics of sectioning and the embedding process. 
This has been arranged with the support of member societies 
of the British Joint Committee for Electron Microscopy with 
the aim of bringing together the many users of this important 
technique. In opening the discussion, Mr. R. Phillips (Aeon 
Laboratories, Egham) said that little attention had been paid 
to the physical principles involved in cutting ultra-thin 
sections for electron microscopy. Much of the theory of 
working metals by machine tools, however, was apparently 
directly applicable. Contrary to the commonly held view, 
compression during cutting was relatively unimportant, the 
main factor being deformation changes due to shear. Where 
well-defined slip directions were present in the specimen, 
shear would occur along them, giving rise to steps of slip 
blocks in the final section. Depending on the crystalline and 
rheological nature of the specimen, separation of the blocks 
might occur also, but because of the severe strains imposed 
by cutting, some plastic deformation of the blocks would be 
inevitable with all types of sectioned material. Thus the final 
section would depend on the nature of the specimen and the 
direction in which it had been cut, these points being well 
illustrated in the case of ductile metals by sections of foils 
which had themselves been obtained by sectioning. The steps 
of slip blocks, proving that shear had occurred, were clearly 
seen. Moreover, replication studies of the surfaces of 
sections mostly revealed regular fine lines showing the margins 
of the sheared blocks. Hence the question of specimen/knife 
orientation seems of great importance in obtaining sections 
and merits further detailed study. The speaker felt that 
additional factors may be involved since certain sections, 
particularly those from biological materials, gave no indica- 
tion of sheared slip blocks and possibly changes in texture 
due to recrystallization may occur. Dr. A. M. Glauert 
(Strangeways Laboratory, Cambridge) then gave a lucid and 
detailed account of the various embedding media which were 
available. Whilst agreeing that the actual cutting process 
was important, unless the specimens were properly embedded 
in a suitable medium, no worthwhile sections could be 
obtained. Though the methacrylates were uniform in 
properties, easily available, with good penetration of the 
specimens and capable of being polymerized to varying 
degrees of hardness, they had some serious disadvantages in 
that they were damaged both during polymerization and 
during examination in the microscope. Though polymeriza- 
tion damage could to some extent be minimized, the mass 
loss during examination was often as high as 50% and the 
attendant effects, still only partially understood, detracted 
from picture quality. The epoxy and polyester resins, how- 
ever, were less troublesome, showing fewer changes during 
polymerization and a better retention of fine structure during 
examination. Dr. Glauert then gave many useful formula- 
tions of such resins for various purposes, including the new 
feature of incorporating a flexibilizer which, by reacting with 
the resins, could control the degree of hardness finally 
obtained. The various water-soluble embedding media were 
also reviewed, including AQUON a new component isolated 
from commercial forms of epoxy resins. The audience 
found this paper most instructive and were greatly appre- 
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ciative of the wealth of information Dr. Glauert had made 
available. Dr. K. Little (Nuffield Orthopaedic Centre, 
Oxford) continued this theme. During embedding the 
specimens might react with the growing polymers, volume 
changes might occur due to shrinkage whilst the monomers 
might vary in their ability to wet and to penetrate the struc- 
tures. Again, difficult points, which later drew much dis- 
cussion, were the optimal times and temperatures to be 
used for the polymerization process. Dr. Little preferred a 
rapid process at low temperatures (by the use of u.v. initia- 
tion) with partially polymerized methacrylates so that 
solidification was achieved quickly without the risk of thermal 
damage. Even so, she agreed that the embedded material 
should be given time in which to relieve any local strains. 
There was also much argument as to whether the embedding 
material should be removed from the section prior to micro- 
scopic examination, to minimize the effects of the electron 
beam on the specimen, the majority being in favour of its 
retention. In the light of these considerations Dr. Little 
reviewed a list of possible embedding media and felt that on 
balance the methacrylates offered the best compromise, 
though she pleaded for other polymers to be tested. This 
paper attracted much discussion, the outcome of which was 
that however good methacrylates might be as embedding 
materials, their great sensitivity to electron damage in the 
microscope limited their usefulness. Dr. J. Sikorski (Textile 
Physics Laboratory, University of Leeds) mentioned the 
difficulties in interpreting the images of certain types of thin 
sections, particularly those of complex biological structures. 
In the paracortex of wool fibres, for example, the fine detail 
revealed in thin sections was not easily reconciled with the 
dimensions obtained from x-ray diffraction studies of the 
material stained with heavy metals. However, if many atom 
layers are present in the depth of the section, moire patterns 
from the arrays of microfibrils are possible. This conjecture 
was strikingly confirmed by comparing the moire patterns 
from a simple optical analogue with those actually obtained 
in micrographs of sections of the paracortical region. Thus 
with certain biological structures it may be advantageous to 
photograph the sections at various tilts and at different focal 
settings, in order to determine whether moire effects are 
present. Mr. M. G. Dobb and Dr. J. Sikorski (Textile Physics 
Laboratory, University of Leeds) dealt with the difficult 
problem of finding selective heavy metal stains which could 
help differentiate the structures in thin sections of biological 
material, illustrating their remarks with reference to keratin 
fibres. Though lead, mercury, osmium and silver appear to 
stain different regions of the fibres, it is not easy to correlate 
the sites of attachment to the repeat distances obtained from 
x-ray diffraction data. Clearly more detailed work is needed, 
though the present indication is that the matrix between the 
microfibrils is by no means chemically homogeneous. Uranyi 
acetate, however, appears to be highly selective in its staining 
properties. Thus the endocuticle of the wool fibre and 
certain cells in the medulla region are specifically stained. 
Moreover, since uranyl acetate is regarded as specific for 
ribonucleic acid, it is likely that the medulla cells are centres 
for the synthesis of this material and work is in progress to 
elucidate this point. 

In retrospect the symposium proved most valuable and 
the large amount of detailed information which was freely 
exchanged should surely lead to a better understanding of the 
methods of producing thin sections. 


University of Leeds, 
Leeds 2. 


P. M. KELLY 
R. REED 
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. Some problems in magnetism. j 
. Domain structures in small crystals and lamellae. | 


. Thin foil techniques for examining uranium. 
. Methods of examining iron powder. | 


. New techniques for studying stress corrosion in d 
. Transmitted electron microscopy of non-metailia 
. Electron microscope study of the mechanism of 
. The mechanism of adhesion between nitrided 


. The relation between specimen contamination a 


. Dislocation interactions during creep. 


. Phase transformations by shear. 


. Stacking fault energies of alloys. 
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Recent developments in the theory and practice of electron 33. 
diffraction and interference. 
- T. B. Rymer, University of Reading. 
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electron diffraction. 
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Research Laboratories. 40. 
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Investigation of the mechanism of image formation in the 
field ion microscope. 
M. J. Southon, Department of Metallurgy, University 
of Cambridge. 
Defects observed in metals with the aid of the field ion 
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Topochemical studies in relation to the fine structure of 
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Rearrangements of dislocations during electropolishing. 
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Abstract 


This report gives a summary of the main features of the 
papers presented at a Conference held by The Institute of 
Physics and The Physical Society in the University of 
Durham on 10th, 11th and 12th July 1961. 


stemming from the potential application of suitable 

materials to thermoelectric energy conversion and to 
thermoelectric refrigeration. For European workers the 
Durham conference was very well timed coming as it did 
half-way between the two International Semiconductor Con- 
ferences, Prague 1960 and Exeter 1962. The organizers had 
intended holding a small specialist conference of some eighty 
participants, but there were so many applications that this 
number had to be doubled. Thirty came from European 
countries outside the U.K. and seven came from the United 
States. It will, regrettably, not be possible in a short report 
of this kind to attempt to do justice to the thirty-six papers 
that were read, but it is hoped that many of them will be 
published independently. 

The conference opened on Monday morning, 10th July, 
most of the participants having arrived the previous day and 
settled into their accommodation in Grey College and 
University College (Durham Castle). Professor D. A. Wright 
(Professor of Applied Physics in the Durham Colleges) who 
was the chief organizer of the conference welcomed the 
delegates and opened the meeting with a timely survey of the 
present state of the subject. From the point of view of 
applications the work divides into two main subsections: 
refrigeration, in which alloys based on Bi,Te; still lead the 
field, and thermoelectric generation, where suitable materials 
are still being sought. PbTe is the most established material 
although GeTe and CdSb deserve mention. The big need 
here is for a material with a large enough energy gap to be 
extrinsic at high temperatures—for 1000° c it must be over 
0-6 ev—as well as having a high z. z is the figure of merit 
used throughout the conference defined as z = «?a/k which 
is proportional to pm*/?73/?/k, for a broad-band semi- 
conductor. Here « is the Seebeck coefficient, o the electrical 
conductivity, k the thermal conductivity and ky, its com- 
ponent due to lattice vibrations, jz is the mobility and m* 
the effective mass of the charge carriers, and T is the absolute 
temperature. The Professor concluded by outlining some 
aspects of the general problem. To obtain a high z (or a 
high zT product) contradictory properties are required in a 
material. In the first place yx falls as T rises in all broad-band 
semiconductors. Secondly, although p rises and ky, falls 
with increasing atomic weight of the constituent atoms of a 
compound, the binding energy falls at the same time and 
thus the energy gap of the materials most suited to thermo- 
electric application is generally small. The hope of finding 
a really exciting thermoelectric material seems to be diminish- 
ing. Gd Se, has recently been hailed as a solution, but no 
one at the conference supported this material. 

Dr. R. R. Heikes (Westinghouse, U.S.A.) divided thermo- 
electric materials into four broad areas: (1) metals, (2) broad- 


Ts is a great current interest in thermoelectricity, 
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band semiconductors (band width large compared wit 
(3) narrow band semiconductors (band width of the of 
kT), and (4) mixed valency semiconductors. A gra 
the thermoelectric efficiencies with the years showed tll 
rate of progress is slowing down. Efficiencies on 
achieved by 1957 have only reached 18-19% today al 
improvement since 1960 has been marginal. He state 
a graph of In pw against In m* showed that for most mé 
p. & (m*)~3/? very roughly, thus making z more j 
independent of and m* on balance. Several m 
exist with a z7 of around unity, but none yet exc 
He ventured the opinion that cubic materials held ot 
best hope because due to the higher symmetry of th 
structure of these materials multivalley semiconduction 
occurs and this improves the figure of merit. The occut 
of elliptical energy surfaces can also be shown to be 
tageous and this in his view was more important tha 
atomic weight. 

Dr. Ziman (Cambridge) discussed the theoretical 
pretation of lattice thermal conduction and exp 
Umklapp processes. He discussed the influence of iss 
on the thermal conductivity of elements and went on ta 
conclusions about the possible effects of impurities i 
lattice. He showed that the effect of solid solution is - 
advantageous as had been first thought since the | 
thermal resistance varies as [c(1 — c)]'/? and not as c(1} 
This has been shown conclusively for LiF with varys 
content. 

A great deal of detailed work on individual comp} 
and alloys was reported and only an outline of this | 
presented here. 

Dr. H. J. Goldsmid and his co-workers from the } 
Research Centre of the General Electric Company rey 
recent work on the anisotropy of electrical propert 
Bi,Te;. Using a four probe method, they showed hd 
eliminate errors due to cracked specimens which | 
frequently because of the easy cleavage of Bi,Te3. | 
Hérinckx and his co-workers in Brussels describe’ 
apparatus they have designed which enables crystals of ‘) 
to be pulled from a melt which has a different compo! 
from the crystal and the bulk liquid feed. The pullings 
is connected to the bulk bath by a fine capillary tube. | 
apparatus has been used successfully with Bi,Te,-S| 
alloys to yield single crystals. Dr. Haacke (A.E.G., 
furt) reported work on ageing in copper-doped Bi 
Changes in sign of the thermoelectric power are related t 
deposition of copper during ageing. | 

Dr. T. C. Harman (Massachusetts Institute of Techna 
Lexington, U.S.A.) reported that a z of 1:3 x 107 
been achieved in HgTe-HgSe alloys near the mid | 
where ky is 7mwcm—!deg~!. Measurements of o ai 
have been made from 4:2° k to 350° kK and of K and «} 
100° Kk to 300° k 

Dye, dh Shields (Associated Electrical Industries, Ru 
reported work on PbTe, in particular showing slides 0! 
bands produced by diamond indentation. These co 
well with work on NaCl which has the same structure 
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cate that there is some ionic character in the binding of 
‘e. An empirical law was established for thermoelectric 
rer and resistivity: « = 200(4 + logp). jz, was found to 
about 1000cm?/v with 10!8-10!9 carriers. In the 
bition which was arranged in the Applied Physics Depart- 
it during the Conference, Dr. Shields and his colleagues 
tonstrated a 10-watt thermoelectric generator using PbTe 
he n-type junction material, and GeTe as the p-type. 
jr. J. D. Wasscher (Philips, Eindhoven) showed that for 
yjell-behaved semiconductor with 4, r and Ni independent 
1 and mean free path / = f(T)E’, it is possible to define 
4nstant B = (Zmax7 optimum Which may be determined from 
jz and « for a single specimen. Thus it is necessary to 
e only these three measurements to establish the optimum 
lle of z for a material. He reported that B* for SnS was 
-\) and that it fell in alloys with SnSe, although the thermal 
jluctivity of Sn,SSe is 12 mw cm~! deg—! compared with 17 
\SaS. Sn is anisotropic and py, & and z are all higher at 
jt angles to the c axis than along it. 
,r. L. Stourac of Prague was welcomed as the only member 
he conference from Eastern Europe. He reported work 
\odSb doped with Ag, In, Ga (n-type) and Sn, Pb, Se, Te 
ype) to 10~! at.%. The value obtained for m, from « 
| R measurements is rather higher than the accepted 
otron resonance values. 
jr. B. R. Marathe (Associated Electrical Industries, 
2rmaston) contributed at very short notice a paper on 
inAs, and ZnSnAs, and Dr. T. C. Harman and Dr. E. 
gzmeier (E.T.H., Zurich) both said a few words about 
jent research at their respective laboratories. R. M. 
e and D. J. McNeil (Plessey, Towcester) reported work 
(transition metal silicides; these materials have a high 
jluctivity and the work was interpreted on the basis of a 
illic-type band structure. Work on AgSbTe, and the 
Sb-Te system was reported by Dr. G. Offergeld and his 
J/orkers (Brussels), by Dr. A. Stegherr (Philips, Aachen), 
by Mme H. Rodot (Centre Nationale de Ja Recherche 
atifique, France). They showed the phase diagram 
culties involved in studying three element compounds. 
\No element compounds can sometimes be complicated 
ugh as the session on In,Te; and related compounds 
ved. Dr. B. R. Pamplin (Durham), Dr. D. R. Mason 
thigan, U.S.A.) and Mr. P. C. Newman (Mullards, 
ley) all gave papers on aspects of the phase diagram, 
sture and properties of In,Te3 and its analogues. Dr. J. E. 
‘ott (Associated Electrical Industries, Aldermaston) 
rted theoretical and practical work on the InAs-—In,Te, 
‘m and Dr. J. C. Woolley (University of Nottingham) 
‘ted work on the other alloys of HI-V-III,VI, com- 
ids. This session proved to be the fullest session of those 
yted to specific materials. Interest in these materials 
s from the low thermal conductivity of the defect 
sture compound In,Te; compared with compounds of its 
hbours in the periodic table such as InSb and CdTe. 
yrtunately its electron mobility is very low and the 
tase which occurs on ordering the vacancies is not 
sient to make it of value as a thermoelectric material. 
ys of In,Te; with the higher mobility members of the 
Y and the II-VI compounds are, however, worth fuller 
tigation. Of theoretical interest is the problem of the 
ture of In,Te; and the phase diagram of the In-Te 
m in the region near this compound. Both of these 
lems have now been studied in some detail, but further 
“is required. 

the session on methods of measuring semiconductor 
meters Dr. J. Schroder (Philips, Aachen) described his 
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interesting method of determining the thermal conductivity 
of a solid. The sample is placed between two boiling liquids 
so that the temperature difference across the specimen can 
be known with high accuracy. Measurement of a sample 
takes only about 10 minutes and with suitable precautions 
with regard to heat losses the thermal conductivity can be 
found with an accuracy to +3%. The method is specially 
suited to the measurement of a large series of specimens such 
as is needed to study an alloy system. Miss A. D. Stuckes 
(Associated Electrical Industries, Manchester) compared the 
various possible methods of measuring the thermal con- 
ductivity of semiconductors at high temperatures: the 
absolute or axial flow method, the Angstrém method and 
the comparative method in which the axial flow method is 
adapted so that the unknown material may be compared with 
two samples of known conductivity. She gave reasons for 
preferring the comparative method—its main drawback is 
that a suitable standard must be available. However, when 
this problem is overcome subsequent results are much more 
reliable than those of the other methods. L. E. J. Cowles 
(Hirst Research Centre) read a paper describing apparatus 
based on the Harman method for measuring the three 
parameters involved in the figure of merit z. Mr. J. I. 
Bramman (Atomic Energy Research Establishment, Doun- 
reay) discussed a method of measuring thermal conductivity 
which was quite novel. If a sphere is placed in a pile where 
there is a strong y-ray flux a temperature difference is estab- 
lished between its centre and the outer surfaces. This can 
be measured quite accurately and admits a very simple 
determination of K provided the y-ray flux density is known. 

On applications, Dr. K. H. Spring (Central Electricity 
Generating Board) read a paper describing the three ways in 
which thermoelectric generators may perhaps be used in 
large-scale power generation. The chances of replacing 
conventional plant seem slight though it is possible that 
in-pile thermoelectric generation might be possible as the 
technology of this idea develops. This leaves ‘tailing’ and 
‘topping’, in both of which the output of the thermoelectric 
stage would be added to the conventionally produced power. 
Tailing would not be economical because of the small tem- 
perature difference involved, but topping is still a possibility 
for the future provided a suitable material for working near 
1000° c can be found. The capital available for such a 
topping device could be 50°% of the plant if a zT of unity at 
1400° c could be achieved. Dr. Spring was, however, pessi- 
mistic about the future of thermoelectric generation. 

All the remaining device papers discussed the theory and 
practice of thermoelectric refrigeration and in the exhibition 
in conjunction with the conference several such devices from 
the General Electric Company were on show. Dr. J. E. 
Parrott and Dr. A. W. Penn (Associated Electrical Industries, 
Aldermaston) read a paper on the design theory of a single 
stage thermoelectric cooling unit and Dr. U. Birkholz 
(A.E.G., Frankfurt) showed diagrams for optimizing the per- 
formance of such units. Dr. W. H. Clingman reviewed 
research on thermoelectric device design and construction at 
Texas Instruments Incorporated. Mr. A. R. Sheard (Semi- 
conductor Thermoelements Ltd.) compared zone melted and 
sintered Bi,Te,; and was strongly in favour of the sintered 
product because with the recent advances in powder metal- 
lurgy this seems the most economical method of making 
thermoelements with good mechanical properties, and the 
powder product is not found to be inferior in thermoelectric 
performance to its single crystal counterpart. Dr. J. E. 
Thompson (English Electric Company Ltd., Stafford) dis- 
cussed methods of making contact with the cold chamber. 
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Thermal and electrical contact must be optimized for efficient 
refrigeration. The junction resistance must not exceed 
5 x 10~> ohm/cm?. He concluded by emphasizing the need 
for a cheap thermoelectric material. 

The conference was not without its lighter side. Many 
conference members explored the ancient city of Durham, 
looking over the Cathedral and the Castle and walking along 
the banks of the beautiful curve of the Wear on which Durham 
was founded centuries ago. A coffee evening held in the 
Castle was well attended and Dr. Prowse, vice-master of 
University College and himself a physicist, showed members 
round the Castle with its Norman chapel and many interesting 
architectural features and historic treasures. 

In spite of a note of pessimisin for the prospects of thermo- 
electric application on a large scale, the conference was a 
happy and successful one and all appeared to enjoy their 
visit to Durham. 


Department of Applied Physics, B. R. PAMPLIN 
Science Laboratories, 
The Durham Colleges, 


South Road, Durham City. 
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The following papers presented at the Thermoelec 
Conference have been accepted for publication: 


Measurement of the figure of merit of a thermoe 
material. | 
Miss A. E. Bowley, L. E. J. Cowles, G. J. Willians 
H. J. Goldsmid (Journal of Scientific Instrument 
433). | 


Some problems in the development of a commercial t 
electric refrigerator. 


T. B. Burnett, H. O. Lorch, and J. E. Thompson ( 
Journal of Applied Physics, 12, 595). 


| 
Anisotropy of the electrical conductivity in bismuth tell 


R. T. Delves, Miss A. E. Bowley, D. W. Hazelde} 
H. J. Goldsmid (Proceedings of the Physical Socie 
(Sb)). 


The measurement of thermal conductivity of semicond 
at high temperatures. 


Miss A. D. Stuckes (British Journal of Applied Physic: 
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jermoelectric refrigerator 


‘ome problems in the development of a commercial 


i B. BURNETT, M.Sc., A.M.LE.E., H. O. LORCH, A.M.LE.E., and J. E. THOMPSON, B.Sc., Ph.D., 
i) English Electric Co. Ltd., Nelson Research Laboratories, Stafford 


§. received 22nd June 1961; paper presented at the Conference on Thermoelectricity held by The Institute of Physics and The 


ysical Society, at Durham, 10th-12th July 1961 


Abstract 


‘0 basic problems in the development of a thermoelectric 
\rigerator are the construction of a cooling unit, consist- 
: of the thermoelectric junctions, and the optimization 
the complete refrigerator design to make best use of the 
vrmoelectric material. It is essential for the unit to 
jhieve good thermal contact with the cooling chamber 
id to have good electrical contact across the p and n semi- 
jaductor bars forming each junction. A simple but 
jcurate method for measuring the junction resistance is 
jown, and the relative merits of various methods of 
\ming the cooling unit are discussed. The heat balance 
jiations for a refrigerator are given which include the 
joling fin system, and the method of optimization of the 
sign is noted. 


1. Introduction 


7 ELTIER cooling as a means of refrigeration for specialized 
).# devices is well developed, and for commercial refrigera- 


'_ tion is worthy of active study. Present materials are 
‘irginal in value for most devices, except those requiring 
»y heat extraction rates; but there are obvious advantages 
_ked to a Peltier cooling system. A study of thermoelectric 
joling problems, the type of material and the production 
id design of cooling units is pertinent at the present time. 
/Bismuth telluride alloys are at present the most commonly 
Is materials in thermoelectric cooling units. These 
‘iterials can be made in a number of ways. To achieve 
itimum thermoelectric properties, the material is zone 
ined in either the element or compound form, then doped 
the optimum impurity concentration and finally zone 
yelled to produce uniformity of properties along the ingot 
ith. During the process some tellurium is lost from the 
‘lt, but allowance can be made for this by a trial and error 
‘thod. Such material is anisotropic in properties, large 
nined, and easily broken along the cleavage planes. Indi- 
dual crystals have the c axis perpendicular to the direction 
zone refining (Goldsmid 1958). In one method used in the 
nstruction of a cooling unit, the ingot is cut into bars of 
itable cross-sectional area and length, and finally p and n 
Ts are joined together in a jig by metal strips to produce a 
oling array. It is essential that low resistance joints are 
ide between bars so that no thermal loading of the cold 
action takes place, and that the final unit has flat end faces. 
the bars are accurate in length this can be achieved easily, 
it if not it is necessary to grind the end faces of the final unit. 
Alternative methods to be described of constructing a 
oling unit have sought to improve the mechanical strength 
the bars by using small grained material—as for instance 
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by sintering—to produce low junction resistances across the 
ends of the bars by improved joining techniques, and by a 
technique of r.f. casting to produce bars of the correct 
length, small grain size, and with cast-in end junction pieces. 
For the measurement of this junction resistance a simple 
method is described, which also attempts to ensure uniform 
current distribution in the bar. 

In any adequate design for a commercial thermoelectric 
refrigerator, to give best utilization of the properties and 
quantity of material employed, the heat balance equations 
must be considered for the whole system. The derivation 
and method of solution of such equations are discussed. 


2. Construction of the cooling unit 


The construction of a satisfactory cooling unit requires 
that the thermoelectric bars be mechanically strong, that 
joints of low resistance can be made to the bars, and that good 
thermal contact can be achieved between the unit and the 
refrigerator walls and fin system. 

A number of techniques will be described which, with 
varying degrees of success, overcome these problems. 


2.1. Material produced by cooling the melt in small bore tubes 


One method of obtaining strong bars, which eliminates a 
great deal of cutting, is to melt powdered bismuth telluride 
contained in small bore tubes by lowering the tubes through 
a short hot zone in a furnace. Quartz tubes (~ +4 in. dia.) 
can be used, and bars of accurate length are obtained by 
slitting the tube lengthways and then cutting the rod into 
pieces of the correct length. There is a limit to the diameter 
of the bar since the crystal size increases with increasing 
diameter of the tube. Above some size dendritic growth and 
impurity segregation occur, both producing non-uniform 
properties. At misaligned grain boundaries and regions of 
segregation excessive heating or cooling can take place. 

The importance of this segregation in various techniques 
has been discussed by Ainsworth (1956), who studied the 
growth of single crystals by various methods. Satterthwaite 
and Ure (1957) have obtained crystals of almost uniform 
composition (using a specially shaped container) by crystal- 
lizing very slowly from a large melt, so that the excess of one 
component rejected at the crystallizing surface diffuses 
throughout the melt. 

However, with the method used here, where a sealed tube 
of bismuth telluride of the correct properties is melted and 
cooled rapidly through a hot zone of a furnace, segregation is 
reduced to a minimum and small grain size is obtained. 

Thermoelectric cooling units are often made from this 
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form of material by taking these small cut circular bars, 
‘trimming’ the ends, holding them in a suitable array in a 
jig (with metal connecting end pieces over the junctions), and 
heating the assembly under slight pressure to a temperature 
above the melting point of a solder. With care and the 
correct amount of solder a firm array of cooling junctions 
can be formed. For a solder Joffe (1957) suggests an 
eutectic of 80°% bismuth, 20°% tin with a melting point of 
200° c, and a German patent (858925, 21st July 1950) gives 
a solder consisting of 51°% indium and 49% zinc which melts 
at 117° c for use with low melting point alloys. Of the 
various solders tried the one found to be the best consisted 
of bismuth, tin, antimony and silver alloy, which had a 
liquidus temperature of 271° c and a solidus temperature of 
185° c. With a suitable flux ‘Rosinal’ this would wet bismuth 
telluride with or without an ultrasonic soldering iron. 

To produce perfectly flat smooth end faces, the faces are 
usually ground, and to provide electrical insulation (but good 
heat transfer) a thin layer of insulating material is applied 
between the junctions and the final thin metal end plates. 
For this Joffe recommends silicone varnish with 6% aluminium 
powder, though a thin sheet of natural rubber is quite 
satisfactory. 


2.2. The use of sintered material 


In sintering the elemental powders, or more usually the 
alloy in finely crushed form, are compacted together and heat 
treated below the melting point. Diffusion takes place 
between particles and a small grained, almost homogeneous 
bar results. Shrinkage takes place during sintering, but, 
with care, the amount is reasonably constant and the small 
grain size gives increased strength. The sintering method has 
been described by Vasenin (1955) for various alloys of 
antimony and tellurium. 

Although soldering to sintered bars is normally quite 
difficult, the situation is improved considerably by the 
inclusion at the ends of the bar of a suitable metal facing 
which is wetted by the solder. The metal powder is intro- 
duced at the ends of the bar, either during the initial pressing, 
or after the sintering process has been carried out. In the 
latter case, re-pressing of the block with metal powder at the 
ends and a subsequent low temperature heat treatment are 
necessary to give a good bonding of the bar and metal. 

Silver is an obvious choice for a metal addition. However, 
when the experiment was tried the resulting surface could not 
be wetted and the silver had apparently disappeared. On 


RE HEATING 
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VACUUM FURNACE 


GRAPHITE 
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(a) 


Fig. 2. The casting technique for producing blocks of the correct size with cast-in end connections. 


(a) Production of single blocks. 
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| 
| 
| 
examination, white needle-like crystals were found a’) 
compact ends (Fig. 1), which were identified as silver tell 
by x-ray diffraction. From the phase diagrams of SHlr- 
bismuth and silver—tellurium, bismuth silver eutectic 4/5 
at 262° c and a silver-tellurium eutectic at 351° c. Silve ( 
tellurium do not react at a measurable rate in the solid |fe 


-0:Olcm—! 


Fig. 1. Photomicrograph of sintered bismuth telluride 

metal end contacts. Crystals of silver telluride can be seen} 

thin needles. Metallographic preparation: wet grind 

through papers grades 240-600 and final polishing us} 

6 micron and | micron diamond pastes on nylon and Sel4 

cloths respectively. Etchant: cupric chloride 6 g, hydrochlat 
acid 1 cm3, alcohol 90 cm3. 


so that the formation of silver telluride would not be expé 
below 351° c, but the presence of the bismuth-—silver eut 
allows the reaction between silver and tellurium to take j 
above 262° c. Sintering below 262° c would eliminate} 
problem, although the silver itself would not bond at | 
temperature. Zinc proved to be the most successful { 
When bismuth telluride compacts were sintered, and | 
subsequently heated to bond on the zinc powder, a good} 
was obtained; on breaking, the bar fractured, but not} 
joint. 
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(6) Production of an array. 
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tf 2.3. The r.f. casting of an array of elements 


ne way of producing small grained blocks of the correct 
; that has received serious attention is the casting of blocks 
jm the melt. In this method, crushed bismuth telluride 
(melted by r.f. inducton heating in a graphite container 
ated in a vacuum chamber (Patent submitted). A graphite 
g in the bottom of the furnace can be raised or lowered by 
netal arm operated by an electromagnet outside the 
ber. The released bismuth telluride then runs into a 
ull mould which gives rapid cooling and consequently small 
in size (Fig. 2(a)). Apart from the fact that the cast 


lig. 3. Photomicrograph of a sectioned block showing the 
excellent keying of the metal to the end connection. 


1s produced are of the correct size, and so require no 
ing, this method offers other advantages. End con- 
jcions are made by arranging for metal gauze to be held 
| he end of the mould, so that, provided a metal that is 
lted by bismuth telluride is chosen for the gauze, the 
ten metal flows through the gauze. Fig. 3 shows a 


(a) 
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micrograph of such an end piece. Since the bar mechanically 
embraces the gauze a firm joint is made. A metal has to be 
chosen which does not diffuse rapidly into the molten bismuth 
telluride and thereby alter its properties. 

The greatest advantage of this method lies in its commercial 
application. Using p and n melts, alternate bars can be cast 
into alternate holes in an extended mould to produce a series 
of thermojunctions complete with electrical connections 
(Fig. 2(5)). Moreover, the bars are mechanically strong and 
are of the correct length. The short molten period eliminates 
the loss of constituents from the melt and subsequent change 
of thermoelectric properties. Larger units involve only the 
soldering together of end connections. 


3. The measurement of junction resistance and its importance 


In any method of forming cooling arrays it is necessary to 
show that the junction has low electrical resistance. This 
arises since the net heat extraction rate from the cold end is 
small compared with the rate at which heat flows back to the 
cold end through the bars themselves. For example, in one 
particular design with a cooling current of 20 A, a junction 
resistance of greater than 50 x 10~®ohm could not be 
allowed. One method of measuring junction resistance or 
resistivity is by use of the modified Wheatstone bridge net- 
work of Goldsmid (1958) which he used to measure the 
electrical conductivity of bismuth telluride. 

A quick and accurate method of resistance measurement 
is shown in Fig. 4. A.C. current is passed through the 
thermoelectric cooling element and a current transformer in 
this circuit provides a voltage across a standard resistance r3 
(Fig. 4(a)). A variable portion of this voltage is fed back to 
balance the voltage picked up by two potential probes across 
the specimen a known distance apart. It is simple to show 
that provided r, > r,, the resistance across the probes r, is 
given by 

ryr3 
ae Nr, 
where WN is (secondary turns/primary turns) of the current 
transformer. 


When measurements of resistivity were made on these 
blocks using this circuit, and current contacts consisting of a 
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PINS WITH INDIUM HEADS 
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= 
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(6) 


EQUALISING 
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Fig. 4. (The measurement of resistivity and junction resistance. 
(a) The basic circuit. (6) The method used to give equalization of the current density into the block. 
V.G., vibration galvanometer 50 c/s. 
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thin pad of indium pressed into the ends by copper blocks, 
widely varying values of resistivity were found in different 
parts of the block. It was not certain whether these results 
were due to inhomogeneities in the block or failure of the 
indium pads to make uniform contact over the ends of the 
block. To study this further, the single contact pads were 
replaced by nine contacts at each end, which consisted of 
small pads of indium affixed to pin heads. The contacts were 
connected in series with resistances of larger resistance than 
the bismuth telluride blocks (and contact resistance), so that 
each contact carried approximately the same current 
(Fig. 4(5)). Measurement of resistivity with this method 
also showed variations, indicating that the inhomogeneous 
nature of the blocks was responsible for the variation in 
resistivity. In a typical case of a junction to zone refined 
material one pick-up connection was made to the bar end. 
The other end, mounted on a micrometer attachment, was 
placed close to the joint in several places in succession to 
obtain a representative value of resistance. 
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Fig. 5. Resistance probe measurements along a bar showing 

diffusion and modification of the properties of the bar, indi- 

cating (a) good joints, and (b) poor joints and the effect of 
impurity diffusion into the bar. 


20 


24 


Certain junction materials and solders are able to diffuse 
into the material during the soldering process -and cause 
deterioration in properties. Resistance probe measurements 
taken along the bars are shown in Fig. 5. Good joints are 
illustrated in Fig. 5(a), where the arrows indicate the positions 
of the junctions. Fig. 5(b) illustrates the effect of poor 
joints, and the change of properties of a specimen along its 
length due to impurity diffusion from the joint during the 
soldering process. 
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4. The design of a refrigerator 


Although bismuth telluride and its alloys are t 
thermoelectric materials known, their properties ar« 
marginally useful except for small specialized applic) 
but a refrigerator was designed to examine its comr} 
possibilities. | 

The maximum net pumping power of the cooling }]/ 
proportional to the total area to current flow, anqj| 
division of this area into small elements, electrically in | 
increases the impedance and hence the efficiency of the |) 
supply. The practical limit is set, not by this impedang 
by the difficulties of making and joining many ver? 
elements. For domestic purposes the power input is 1|j) 
to perhaps 100 w, as the refrigerator necessarily mus 
power continuously while in use. The net heat ext 
from the container or ‘ice box’ is then far less depé} 
on the total area of the elements because the current thi 
the elements, which form a large total area, is limited ij} 
available power input to a value below the optimum va 

Very efficient cooling of the hot junction is necessé 
limit its temperature difference from the air temperatu 
aesthetic considerations limit the overali size of the ca 
fins. The fin spacing (Fig. 6) is subject to optimizatii 


—— — - = 
HEIGHT h OF FINS | 
14 


(IN.) 


Z| 


RELATIVE HEAT CONVECTED FROM FIN SURFACES 


O° O1 


0-2 


0-3 
SPACING S OF FINS (IN) 


Fig. 6. Showing the influence of fin dimensions on the loss | 
heat from the fin surfaces. 1{ 


H in w/in2, N is the number of fins on a plate 12 in. wide, Al 
the height of fins (in.), @ is fin to ambient temperature differez' 
(deg. c). The optimum spacing occurs when s{(Gr) (Pr)}0°25 / hie 
2°75, where (Gr) and (Pr) are Grashof and Prandtl numb 


0-4 O5 iq! 


design. If the number of vertical fins in a fixed widd 
steadily increased the total surface area convecting incre 
nearly in proportion to the number, and at first the total 
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ir currents from one fin surface interfere with those from the 
ext to such an extent that there is less total heat convected, 
ntil when the fins are about 0-1 in. apart convection currents 
{most cease. For optimum spacing the heat convected per 
eg c temperature difference is proportional to the width and 
epth, and the square roots of the height and temperature 
ifference. 

. The amount and quality of the lagging around the ice box 
spends on the cost of the lagging and overall size of the box, 
id differs little from conventional practice except that 
special care is needed in insulating the warm back plate of 
ie cooling fins around the cooling unit from the ice box. 


4.1. Analysis of operation 


+ Several authors (e.g. Altenkirch 1911 and Joffe 1957) have 
jven heat balance equations for individual pairs of elements 
{hich may be optimized, in terms of voltage or current, for 
jaximum efficiency or heat extraction rate when one end is 
jaintained at constant temperature. 

{ In a commercial refrigerator it is necessary to include many 
ther terms in the heat balance equations, which has been 
yne in a simple form by Lackey et al. (1958), and Penrod 
1960). Nevertheless, a more comprehensive method of 
psigning a refrigerator is as follows. 

| The thermal circuit is shown in Fig. 9. The heat W, leaking 
jto the ice box through its lagging (R9 and R10) is pumped 
jvay by the cooling unit through the cooling fins and back to 
jabient air. The temperature obtained in the ice box 
‘pends on 


' (i) the net pumping power of the cooling unit; 

| Gi) the box lagging (R9 and R10); 

(iii) the convection and radiation resistance R11 of the 
jis to air; 

( (iv) the resistance R7 and R8 between the cooling unit, 
; ice box and fins, 


id will be determined by the solution of the equations which 
jllow. 


4.2. Symbols 


41The following symbols, expressed in watts, inches, ° c, 

jms and amps exclusively, are used in the equations: 
)Temperature Ty of the ambient air, 7, of most of the top, 

ittom sides and front of the ice box, 7, of most of the back 

‘the ice box, T3 of the cold junctions, T, of the hot junctions, 

of the fins. 

uN number of cold junctions, i.e. half number of elements. 
4 cross-sectional area of one element. 

ja, area per junction for heat flow between elements. 

i] length of each element. 

1 current through each element. 

dx thermo e.m.f. of a junction pair. 

J sum of resistivities of a p and n element pair. 

Ik sum of thermal conductivities of a p and n element pair. 

'w, heat extracted from one cold junction, w2 heat dissi- 

‘ted at one hot junction. 

|W, total watts extracted, W, total watts dissipated, W3 elec- 

“ral power input to the cooling unit. 

‘Electrical resistance R, of the joints at a cold junction, 

of the joints at a hot junction. Thermal resistance per 

it area R; of the cold junction to ice box, Ry of the hot 

jiction to fins. Thermal resistance Ry between sides, front, 

1) and bottom of ice box and the ambient air, Rio between 

ick of ice box and the fin back plate. 
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4.3. The heat equations 


The heat pumped from one cold junction is, by definition, 
o“(T3; + 273)f. Half the ohmic loss in each element is 
returned to the cold junction and half adds to the hot junction, 
so the gross ohmic loss at a cold junction is /*(p//2a + R)). 

The heat conducted back through the two elements is 
(T, — T;)ka/l and the heat convected and radiated back 
within the space between the elements, which is small in 
comparison, can be shown to be roughly 


ay, 


Gp T;)a,(0-0014 she 


l 
Gr) 


ka 
(a, 7) ( = 


Hence 


w, = oT; + 273) — 


0-0014 a, + on (1) 


1 
Similarly 


pear be OH EM i ae a R) 
a 
k 5 
(TPT) (+ + 0-0014a, + ee (2) 
The area of a bar joining the cold ends of two elements is 


about 2a + 0-2a, and so for heat flow from the ice box to 
the cold junction we have 


a = wR; 
1D oe 2a + 0:2a, @) 
Similarly for the hot junctions 
WR, 
le Ne = 
Ce ea, 4) 


The heat extracted passes through the walls and top and 
bottom of the ice box giving 


Nw, = Tp Fay (75 — 


To simplify the calculations this was approximated to by the 
simple expression 


Nw, =(To 


T>)Rjo- 


RoRio 


— T>,)———_.. 
DR + Rio 


(5) 

The calculated sum of the convection and radiation from 
the fins was plotted against temperature, and it was seen that 
one simple expression would suffice to cover the region of 
interest with sufficient accuracy. This expression, when 
corrected slightly by a measurement on the actual fins at one 
temperature, is 


Nw, = 5-05(T's — Ty) + 0:098(T5 — To). (6) 


The ice box is made of sheet metal, and it is found that 7, 
may be expressed approximately by 


T, — T, =0-25Nw,. (7) 
Three more subsidiary equations are obvious 
Wie Nw, (8) 
W, = Nw, (9) 
W, = W, — Wj. (10) 


The solutions of the simultaneous equations (1) to (6) and 
the subsidiary equations (7) to (10) give all the temperatures 
and the quantities of heat transferred in the refrigerator, for 
any chosen current. 
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The optimum length of element to give the greatest heat 
traction occurs when the ohmic loss returned to the cold 
netion is equal to the heat conducted back, and is inde- 
ndent of the joint resistances. It is given by 


1 = 44 2K(T4 — Ts) a7 
I p 


the small air terms are ignored. Putting (11) into (1) and 
) gives 


(11) 


; ms 1/2 
(T; + 273) (2 oh apes) {ek a 1R,| 


ka » 
(i —7,)0-0014a,) (12) 


0-0008a, { pk(T, — T:))1”” 
al: (Tj _ + 1R,| 


ka py 
(13) 


— (14 — T3)0-0014a;. 
The importance of each of the parameters To, N, a, «, p, ay, 
, (Ry and R;) and Ry, was studied by solving equations (3) 
(13) G.e. with optimized length) for 5, 10, 20 and 30a ona 
UCE computer. It was not practicable to solve for all 
ssible combinations, so all parameters were given a 
}ominal’ value and one at a time varied to two other values, 
jeping the rest nominal. 
| Figure 7 shows the solution for all parameters nominal, and 
|similar set of curves was obtained from all the 21 sets of 
jutions. It is seen that there is a broad optimum of 
}erent around 22a, but that the electrical input is then 
7w. This may, however, be reduced to, say, 50 w without 
ich loss of performance. 
{The four solutions of most interest, w,, T>, / and J extracted 
1m the curves at 100 w and at 50 w are presented in Fig. 8 
jd the conclusions derivable are: 


= ilcr, + 273)o 


| @ «a, p, and k are all critically important, as expected. 
)(ii) The number of junctions may be reduced from 60 to 
less than 30 without seriously affecting performance. 
The area of the elements is also surprisingly unim- 
portant and could be reduced to half nominal or less. 
For these reasons, the quantity of thermoelectric 
material is drastically reduced in subsequent designs. 
/iii) The space between elements is not very important, and 
neither, within the range considered, are R, to R4. 

fiv) The performance relative to room temperature is little 
| affected by the room temperature. 


| (v) The efficiency at 50 w input is about 28%. 


4.4. The complete thermal design 


The complete thermal design of a commercial refrigerator 
shown by the values in Fig. 9, which shows that with 50 w 
ctrical input 14 w are extracted from the ice box to give 
jemperature drop of about 29 deg c below the room tem- 
-ature (28 °% efficiency). In this particular design, the size 
d number of the elements used was fixed at 120 elements, 
4in. square <x 0-45 in. long for manufacturing considera- 
ns, though later improved designs used a much smaller 
lume of material—a smaller number of elements of both 
aller cross-sectional area and length. 

A conventional ‘absorption’ type of refrigerator of about 
+ same size was found experimentally to extract about 13 w 
‘an electrical input of 104 w (124% efficiency), but had the 


Vor. 12, NOVEMBER 1961 


601 


SOME PROBLEMS IN THE DEVELOPMENT OF A COMMERCIAL THERMOELECTRIC REFRIGERATOR 


advantage of maintaining good thermal insulation when 
switched off. 

To operate the thermoelectric refrigerator a 10 A, 5v 
supply is required. 
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Fig. 9. The complete thermal circuit of a domestic 


refrigerator. 


5. The power supply 


In any commercial refrigerator the overall efficiency must 
be considered; this will include the efficiency of conversion 
from a.c. mains supply to the d.c. current to operate the 
thermoelectric cooling element. 

A typical full-wave rectifier circuit is shown in Fig. 10, to 
provide a current in the range 10-204 at a few volts. The 
bi-phase rectifier is used since the rectifier voltage presents no 


230V SO~ 


+ ~ 
TO THERMOELECTRIC COOLING UNIT 


Fig. 10. A typical bi-phase rectifier power supply. 
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problem, and has the advantage of requiring the minimum 
number of rectifiers, and the load current flows through only 
one rectifier arm at a time. As the rectifier forward drop is 
approximately a constant value at the rated current, the 
rectifier loss (which is the greatest loss in the converter) 
depends on the current used. Using the most suitable 
rectifier, a germanium p—n junction, the voltage drop at rated 
current is about 0:7 v, so that a power loss of 7 w can be 
expected at 10 A. 

Consequently it would be desirable to operate the cooling 
unit at as low acurrent as possible. This however may mean 
reducing the cross-sectional area of the elements and 
increasing the number of junctions so that the saving in loss 
in the a.c. to d.c. converter must be balanced against the 
increase in manufacturing complexity. In the operation of 
the cooling unit the heat extracted depends on the average 
current, while the /*R loss depends on the r.m.s. current. 
Any increase in the ratio r.m.s. current/average current—the 
form factor of the current—above unity works to the dis- 
advantage of the cooling element. As the normal voltage 
output from the power unit is a rectified sine wave, the form 
factor of which will be in excess of 1-11, smoothing is neces- 
sary to provide a current of an adequately low form factor. 

For a form factor of 1-01, which would give a 2°% increase 
in I7R loss, a ratio of I,,/Ig¢ = 0:2 is required. 

At the low voltages required for supplying the cooling 
element capacitive smoothing is not practical and so a series 
inductance has to be used. 

The effect of a ripple current has been discussed in some 
detail by Alfonso and Milnes (1960). 

Losses in the smoothing choke and transformer will add 
about another 10% to the watts to be supplied. Thus a con- 
verter to supply 10 A at 5 v to a thermoelectric cooling element 
would require an input of 50 + 7 + 6 = 63 w and the overall 
efficiency is reduced to 14/63 x 100 = 22°%. The rectifiers 
in the converter have to be protected against voltage surges 
by the R-C circuit shown in Fig. 10. 
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6. Conclusions 


The technical problems in the economic febocen ty 
cooling elements have been overcome, and the design }jh 
niques for a commercial thermoelectric refrigerator are |'s 
factory. The chief factor limiting the general applicati||5 
thermoelectric cooling is the cost of producing the | 
material for the elements, since bismuth telluride alla} 
reasonably high purity and control are required to obtaii} 
best thermoelectric properties. The properties of bisi)} 
telluride are really marginal in value and a material w . 
higher figure of merit, and with which some control ovéj| 
purity could be relaxed, is highly desirable. 
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1 Abstract 


sible defects on glass surfaces and methods of detecting 
! reducing them are discussed. A correlation between 


|malloy films is observed. Best results were obtained 
{surfaces obtained by quenching molten vacuum-melted 
5S. 


Introduction 


| NCREASING attention is being devoted to the preparation 
and properties of thin films, and it is widely appreciated 
jthat the properties of such films may be markedly 
jaenced by the nature and surface of the substrate. This 
ertainly the case for evaporated Permalloy films. Glass, 
jig cheap, amorphous and stable at reasonable tempera- 
js, is a very suitable substrate for Permalloy films; micro- 
oe slides or cover slips are commonly used. However, 
surface of such substrates may possess various types of 
ict and it is the purpose of this paper to discuss these and 
(eport experiments designed to improve the surface, having 
tial reference to the magnetic properties of Permalloy 


Surface defects 


“efects on glass surfaces may be caused by: (a) polishing 
)ks and scratches, (4) ‘Griffiths’ cracks, (c) surface dust 
} grease, (d) the gel nature of the surface layer, (e) gas and 
jour evolution during bake-out and (/) contamination in 
j vacuum system. 

olishing marks, scratches and pits can often be recognized 
a direct microscopic examination of the surface, and can 
revealed more clearly by the etching procedures. Such 
‘ks are presumably introduced during manufacture and 
ing any processing treatment prior to use. In this con- 
tion it is suggested that slides should be cut in the presence 
yater; the electron microphotographs of Joos (1957) show 
7 the trace of scratch changes from a broad track with 
p cracks at right angles, to a narrow track with well- 
ned edges as the presence of water vapour is increased. 
tainly, a too heavy pressure on the diamond produces 
ly visible cracks at right angles to the scratch. 

‘he existence of minute cracks or flaws in glass was 
tulated by Griffiths in 1920, and provided an explanation 
the failure of glass to exhibit its theoretical strength. 
tently Levengood (1959) has shown that such flaws can be 
zaled by etching and that the etch pit pattern is influenced 
the internal stresses to which the glass has been subjected, 
; resembling in many ways the dislocation pattern on 
stal surfaces. With sheet glass, for example, the flaws in 
eral lie parallel to the direction of the ‘draw’. 

\ttempts have been made to remove the dust, grease and 
er chemicals adhering to the surface, by a variety of 
ining procedures. Dust is a possible cause of pinholes 
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in thin films and should be removed from the vacuum system 
prior to evaporation, as the turbulence during the initial 
pumping may be sufficient to distribute it over the substrate 
surface. The removal of grease and chemicals is complicated 
by the nature of the glass surface, which is thought to consist 
of a layer of silica gel probably 0-5 uw thick (Joos 1957, 
Koranyi 1959). This layer may be expected to absorb the 
vapours and ions to which it has been exposed, and to retain 
and exchange them in a similar way to a chromatographic 
column of the same material. Chemical reagents used for 
cleaning may themselves be absorbed by the gel layer and 
subsequently be difficult to remove. Chemical reagents may 
also interact with those cations able to diffuse through the 
gel layer. Thus Tsuchikaski ef al. (1958) concluded from 
their work on heavy crown glass that Bat* ions migrate 
easily through the gel layer to form a surface layer of 
Ba(OH),8H,0, BaCO 3, BaCl, and BaSO,, with water 
vapour, wet CO, gas, wet HCl, and wet SO, respectively. 
Any cleaning procedure therefore should take into account 
the interaction of the cleaning reagent with the ‘gel’ layer 
and with the cationic components of the glass. Cleaning 
reagents should also not attack the surface irregularly, e.g. 
by preferential attack at ‘Griffiths’ cracks. 

Glass may also contain appreciable quantities of ‘water’ 
and dissolved gases. For example, Kruszewski (1959) 
reports that a 10g sample of glass contained 1-8 cm? of a 
gas, whose composition was H,0 74:8, CO, 6:1, O,2 6:9, 
CO 3-9, H, 7:8, N, 0:3%. Todd (1955) shows that the gas 
evolved during a vacuum bake-out is mainly water, and that 
the amount of water evolved at constant temperatures above 
300° c is linear with respect to the square root of the bake- 
out time. He also distinguishes between easily removable 
surface water and water diffusing from the interior. The 
amount of surface water depends on previous history. A 
two-year old glass, which had been previously washed with 
water, gave about 64 micron litres per square decimetre of 
surface, compared with about 9 jx1/dm? from the same glass 
washed with 1°% HF; (3 pl/dm? is comparable with the water 
contained in a unimolecular absorbed layer). The amount 
diffusing from the interior is of course, temperature dependent, 
about 20 jul/dm? being evolved after four hours bake-out at 
480° c. 

Also included as a source of defects, is the possible, indeed 
probable, contamination of the surface in the vacuum system, 
especially by oil vapours (Holland and Bateman 1960). This 
is not discussed here, but presumably contamination is at a 
minimum if the substrate is kept at as high a temperature as 
possible. 


Surface tests 


Attempts to estimate the state of the surface have been 
made in many ways. For example, Holland (1958) and 
Putner (1959) have used the coefficient of friction, optical 
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absorption, wettability, breath tests and adhesion of thin 
films, and in their study of surfaces, Tsuchikaski et al. (1958), 
mention the use of phase microscopy, measurement of haze 
value, electron diffraction observation of dew drops and 
electron microscopy. Konig et al. (1955) condensed cadmium 
and titanium dioxide on the glass to show the surface 
structure, and further showed that the chemical nature of 
the surface was an important factor in the condensation of 
metals. Heterogeneous catalysis of gaseous reactions has 
also provided information on the chemical nature of the 
surface. 

In our experiments we have firstly measured the weight 
required to produce a visible titanium scratch mark, Holland 
(1958) having noted that titanium leaves a scratch mark more 
easily on clean surfaces. The apparatus is illustrated in 
Fig. 1. Here the glass slide is moved horizontally under the 


THIN FLEXIBLE BEAM 
FIXED 


WEIGHT 


Fig. 1. Apparatus required to produce a visible titanium 


scratch mark. 


titanium point, and the weight above the point increased 
until a visible mark is produced. This technique gave repro- 
ducible results and was surprisingly sensitive to surface 
contamination. 


Weight on 
Cleaning procedure Ti(g) H,(Oe) Ay, (Oe) Zinc layer 
(1) None —400 >8 >8 Much structure 
(2) 10 min in trichloreth, acetone, H,O, 10% NaOH, 
conc. HNO3, H,O, drain dried 100 6-7 ~8 Much structure 
(3) Teepol swab, H + C H,0, conc. HNO3, ethanol, 
flame dried 50 5-6 7-8 Structure where alcohol evaport. 
(4) Teepol swab, H+ C H,0O, chromic acid (as 
Yarwood 1956) 100 Much structure 
(5) Teepol swab, H + C H,O, drain dried 100 5-7 7-8 Much structure 
(6) Teepol swab, H + C H,O, ethanol, drain dried 100 57/ 7-8 Much structure 
(7) As (6) + wiped with clean Selvyt cloth 60-100 3-4 4-6 Much linear structure (Fig. 3) 
(8) Teepol swab, H + CH,0O, ethanol, ethanol vapour 30-40 3-4 4-6 Less structure (Fig. 2) 
(9) As (8) + ion bombardment for 1 hour at 200° c 30-40 3-4 4-6 _ Less structure 
(10) As (8) + flamed to red heat 30 3-4 4-6 _ Less structure 
(11) As (8) + flame-melted, held vertically 10 1-:5-2-5 3-4 No structure (Fig. 5) 
(12) As (8) + flame-melted, horizontal C support 10 — — No structure 
(13) As (8) + vacuum-melted in Pt tray 10 1-5-2-0 2-3. No structure 
(14) Vacuum-melted lead germanate glass — 1-3-2:0 2-3 No structure (Fig. 6) 


Secondly, we observed that a very thin film of zinc eva- 
porated on to the substrate surface was effective in high- 
lighting any inhomogeneities. Zinc was evaporated from a 
molybdenum boat at a pressure of 10-3 mm Hg on to the 
surface at room temperature. The zinc film was then 
examined by transmitted and reflected light at various 
magnifications. 

Thirdly, we have used an etching procedure—based on 
that of Levengood (1959)—to reveal scratch marks and 
incipient flaws. In this procedure a solution of 6% HF 
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saturated with NaF was used for five minutes at || 
temperature. 

Finally some of the 
electron microscope replica technique carried out 
Aeon Laboratories, Egham, Surrey. In this examinatiq|} : 
surface was shadowed with palladium-—carbon and the rip 
stripped with NaOH. 

The results of these tests are discussed after outlinin)} 
cleaning procedures used. Subsequently the result i 
correlated with observed magnetic properties. | 


Cleaning procedures 


Several cleaning procedures were used on 3 in. x 
sections of microscope slides. The first stage in the cle 
attempted to remove surface dust and grease, and the sel 
stage to remove traces of reagents used in the first i) 
For the first stage we favoured detergent (Teepol) and 
rubbing with a soft pad or slurry of fine powder, folll 
by a vigorous wash with hot and cold water. This reg} 
in a more even wetting of the surface, but the contact | 
did not appear to be especially low. The procedure re 
mended by Yarwood (1956) using chromic acid showé 
improvement on this (see the Table), but the actic} 
various acids produced a more evenly wetted surface. 


ever, in view of the possible attack on the glass surface, 
and alkaline were not thought desirable. | 

Removal of water was attempted by draining and eval} 
tion, blowing with a jet of clean cold air (a techniquej 
gested by workers at the British Scientific Instrument Res¢ 
Association), polishing with dry cloths and by suspendiil 
ethanol vapour. Removal of water by washing with alc} 
followed by these treatments, was also attempted. 


Further cleaning of the slides by ion bombardment, 
a conventional glow discharge in air, with shielded 
electrodes at 2 kv taking about 100 ma, was then tried} 
glass substrate being at room temperature or at 20) 
Slides were also baked in vacuo to 400° c for several hous 
ey in a flame to just below the softening point oft 
glass. 

However, as described below, a marked improvement 
observed only when the surface of the glass was melted, 
indeed was indicated by Rayleigh (1911, 1912). With! 


VoL. 12, NOVEMBER 19%! 


CLEAN GLASS SUBSTRATES FOR PERMALLOY FILMS 


> of slides used, good results were obtained by holding 
| slide vertically between two inclined bunsen burners until 
yecame soft, and removing it before excessive distortion 
'urred. The slide could also be supported horizontally on 
freated support, which enabled the upper surface to be 
{ne-melted without distortion, but if heating was too severe 
|ne form of thermal etching occurred. 
‘(he improvement observed with flame-melted surfaces 
gested that complete melting and reforming of the slide 
3 a possibility. To eliminate the evolution of water and 
es during vacuum baking, we used glass which had been 
viously melted in vacuum. Such glass was then melted 
_ platinum tray, 2in. x 4in. x din. deep, heated directly 
jm a low voltage supply. When the surface of the melt 
|; free from bubbles, the current heating the platinum was 
ped off and the glass solidified. If the amount of glass 
id was sufficient to completely fill the platinum tray, 
{doth and flat surfaces were obtained. 
| Aicroscope slide glass was vacuum-melted in platinum 
itainers and several substrates were prepared. However, 
| temperatures involved were inconveniently high and it is 
| known to what extent constituents of the glass, other 
jn water, were lost during the vacuum melting. Previous 
I-k (Fray and Nielsen 1961) had shown that vacuum- 
ted lead germanate glass (PbO 30, GeO, 70 at. %) could 
prepared more easily and, as this gave similar results, it 
/, used subsequently. (Lead silicate glasses may also be 
jable (Adams 1961).) 


{ Results of surface tests 

‘he weight required on the titanium point to give a visible 
}-k on an uncleaned slide was 400g. Washing the slide 
+1 detergent, followed by water or water and ethanol, and 
{wing it to drain dry, caused a reduction in required weight 
1100 g. The weight was further reduced to 30-40 g, if, 
jowing the detergent and water wash, the slide was sus- 
{ded for 10 minutes in ethanol vapour, or was heated in a 
jie to just below the softening point of tne glass. A further 
jiction to 10 g was obtained if the surface of the slide was 
‘ted in the ways described above. Vacuum-melted 


4 


Fig. 2. Zinc evaporated on vapour-cleaned slides. (x 50) 
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germanate glass did not give a scratch mark; cleaved mica, 
by contrast, required weights of only 1-2 g. 

Examination of the zinc film on an uncleaned slide showed 
an uneven and patchy deposit. In some cases the patches 
occupied large areas of surface. After the detergent and 
water wash, the surface was covered much more evenly; 
certain obvious irregularities could be associated with deposit 
left by the evaporation of the last traces of solvent used for 
the final wash. The most even zinc films were produced on 
surfaces which were blown dry with a jet of clean air (from 
evaporating liquid air), and on surfaces which had been 
suspended in ethanol vapour. However, in both these cases 
irregularities in the film were observed (Fig. 2) and these 
irregularities were observed also on slides which, following 


Fig. 3. Zinc evaporated on slide, finally wiped with Selvyt 


cloth. (x50) 


Fig. 4. Zinc evaporated on slide, finally blotted with Selvyt 
cloth. (x50) 
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the final ethanol vapour clean, were either ion bombarded Typical etch pit patterns are illustrated in Bie | 
for one hour at 200° c or were heated in a flame to tem- Fig. 7 shows a scratch on a microscope slide aa 
peratures just below the softening point. A most irregular Figs 7, 9 and 10 show typical features in the al 
zinc film was obtained if the water or ethanol in the final edge and near the edge of microscope slides. The high 
wash was removed by wiping with a clean Selvyt cloth 1) 
(Fig. 3) or blotting with a Selvyt cloth (Fig. 4). By contrast, 
the flame-melted surfaces (Fig. 5) and, especially, the vacuum- 
melted surfaces (Fig. 6) produced very uniform zinc films. 


Fig. 7. A scratch on a glass slide after etching. (x 50) 


Fig. 5. Zinc evaporated on to flame-melted surface. (x 50) 


Fig. 8. Typical irregular distribution of etch pits on a slidé 


(x50) 


pit density near the edge of the slide (Fig. 10) was | 
obtained on some slides. All the slides examined, howe 
showed an irregular distribution of etch pits. The etc 


| 
Fig. 6. Zinc evaporated on to vacuum-melted surface. 


(x50) 


scratch marks and a res more regular distribution of 
It was observed in the course of these experiments that a pits, in general of about the same density as ordinary n 


much higher supersaturation of zinc was required to form a_ scope slides. In those cases where flame melting had 
film on glass surfaces which were deliberately contaminated torted the slide, lines of etch emanating from the distot 
by hydrocarbons, or which had been cleaned by melting. region (Fig. 11) were often observed. Vacuum-melted m itt 
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ine slide glass produced fairly uniform patterns with a 
jer different shape of etch pit (Fig. 12). Vacuum-melted 
nanate glasses did not appear to etch in the same way 
} this reagent. 

he examination of surfaces using electron microscope 
ica techniques is at the moment still in a preliminary stage, 


Ye. 9. Typical etch pit pattern near the edge of a slide. 


( x 50) 


'g. 10. Etch pit pattern observed near the edge of some 
slides. (x50) 

has been confined to surfaces produced on the vacuum- 
ted germanate glasses. Results on the slides examined 
wed parts apparently free from structure and parts with 


cture. A rough estimate suggested that about half the 
ace was free from structure. The main type of structure 
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observed was a ‘cobblestone’ structure with ‘stones’ about 
70 A across and about 10 A high. 


Fig. 11. Etch pit pattern observed near a distorted region of 


a flame-melted slide. (50) 


46, 


Fig. 12. Typical etch pit pattern on a vacuum-melted slide. 


(x50) 


Permalloy films 


Many factors appear to influence the magnetic properties 
of evaporated Permalloy films. These include composition, 
rate of deposition, angle of incidence of vapour beam, thick- 
ness of film, substrate temperature, impurities, vacuum con- 
ditions during evaporation, stress in the film, and the chemical 
and physical nature of the substrate (cf. Prutton and Bradley 
1960 a, b, c). In these experiments we have attempted to 
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keep all the factors constant except for the physical nature 
of the substrate. We have altered this by using the cleaning 
procedures described above. The fact that several slides 
treated in different ways could be used side by side in the 
same evaporation helped to eliminate variations between 
different runs. 

The vacuum system was of a conventional type, with a 
12 in. glass bell jar pumped by a 2 in. mercury diffusion pump. 
A 1 gcharge of 82°% Ni 18% Fe was evaporated from a thick 
tungsten coil held vertically above the substrate. A copper 
block substrate heater supported ten variously prepared 
slides 3 in. X 4 in. at a temperature of 200° c and an external 
field of 100 Oe was maintained across the slides. A copper 
foil shutter between the substrate and coil allowed the coil 
and charge to be outgassed before the evaporation. After 
outgassing and gettering with titanium the pressure in the 
system was approximately 10~°mm Hg and increased to 
approximately 10-°>mm Hg during the evaporation. An 
evaporation lasting about 30 seconds produced a film of 
between 1500 and 2000 A thick. 

After cooling to room temperature in vacuo, the B/H loops 
were measured in the ‘easy’ and ‘hard’ directions in an 
apparatus developed by Moore (1960). Square loops were 
obtained in the ‘easy’ direction giving a value H,, representing 
the domain wall coercivity, and inclined straight lines were 
obtained in the ‘hard’ direction giving a value H,,, representing 
the rotational coercivity. A failure to obtain the square loop 
and straight line was attributed to defects in the substrate 
producing anisotropy in directions other than that of the 
external magnetic field, in the same way as polishing grooves 
in the substrate create their own anisotropy (Moore and 
Young 1960). Our results must be regarded as comparative 
values, as some variation was experienced between runs and 
as neither the temperature of the substrate nor the composi- 
tion of the film were determined accurately. 

The values of coercivity obtained on variously prepared 
slides ranged from greater than 8 Oe for the uncleaned slides 
to less than 2 Oe for the vacuum-melted slides. The Table 
shows a correlation between magnetic results and the results 
obtained from the surface tests described previously. In 
addition the “squareness’ of the loop improved with cleaner 
surfaces. 


Discussion 


The results from the surface tests and magnetic measure- 
ments suggest that surfaces prepared by melting procedures 
are superior to those prepared by conventional cleaning 
techniques. The best surfaces were prepared by quenching 
molten vacuum-melted glass, and such curfaces—if prepared 
inside the vacuum system—should be free from dust and 
absorbed chemicals, free from scratches and polishing marks 
and should not evolve water or gas during subsequent heat 
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treatment. They may also be expected to be atomical 
more smooth than the weathered glass surfaces, and tl) 
preliminary results from the electron microscopic examinatiq) 
give some support to this. 
However, the chemical nature, as well as the cleanlinet 
and smoothness of the surface will be altered by the melti 
procedure, and the tests used cannot sufficiently differentiaf 
between these. 


Acknowledgments 


The authors are indebted to Dr. A. C. Moore for loan 4 
equipment to measure B/H loops, to M. C. Hopper an 
S. Highcock for expert assistance, and to the Controlle#) 
H.M. Stationery Office for permission to publish this paper. 


References 


ADAMS, R. V., 1961, Phys. Chem. Glass, 2, 50. 

Fray, A. F., and NIELSEN, S., 1961, Infra-Red, 1. 
GrirFiTus, A. A., 1920, Trans Roy. Soc. A, 221, 163. 
HOLLAND, L., 1958, Brit. J. Appl. Phys., 9, 410. 


HOLLAND, L., and BATEMAN, S. K., 1960, Brit. J. Appl. Phys’ Mi 
11, 382. 


Joos, P., 1957, Z. Angew Phys., 9, 556. 


Konic, H., JU LOFFLER, H., and LAppg, Fr., 1955, Glastec i 
Ber., 28, 131-6. . 


Korany1, G., 1959, J. Soc. Glass. Technol., 43, 438T (1959).M 
KruszeEwskI, S., 1959, J. Soc. Glass. Technol., 43, 359. | 
LeEVENGOOD, W. C., 1959, J. Appl. Phys., 30, 378. 


Moore, A. C., 1960, Inst. Radio Engrs Trans on Componen\ 
Parts. CP=7, Nome: 


Moore, A. C., and Younc, A. S., 1960, J. Appl. Phys}| 
Suppl. to Vol. 31, 1279. 


PRUTTON, M., and BRADLEY, E. M., 1960a, Proc. Phys. Soc 
IBS SSE 


— 1960 b, J. Appl. Phys., Suppl. to Vol. 31 (5), 285 S. 
— 1960 c, J. I.B.M. Res. and Dev., 4 (2). 

PUTNER, T., 1959, Brit. J. Appl. Phys., 10, 332. 
RAYLEIGH, Lorb, 1911, Nature, Lond., 86, 416. 

— 1912, Nature, Lond., 90, 436. 

Toppy Bas. 1955, J Appa EAysea2Omle 38s 


TSUCHIKASKI, S., SEKIDO, E., and NAKATAM, Y., 1958} 
J. Ceram. Ass. Japan, 66 (754), 233. 


YARwoop, I., 1956, High Vacuum Technique 
Chapman and Hall), p. 152. 


(London jf) 


VoL. 12, NovemsBer 1961 


ligh power heating of a cylindrical tube by electron 
ombardment of the inside surface 


R. E. HAIGH,* M.A., A.M.I.Mech.E., and P. H. DAWSON, B.Sc., Research Department, Associated 
ectrical Industries (Manchester) Ltd., Trafford Park, Manchester 17 
J 


j 


s received 5th July 1961 


’ 
I Abstract 

jhen it is necessary for the high heat rating of power 
actor fuel elements to be simulated in ‘out of pile’ tests, 
\? heating of the test element can be a major problem. 
ve method of heating chosen for a particular rig will 
ivend on the exact nature of the tests for which the rig 
designed, and the requirements of the tests may make 
snventional heaters unsuitable. Very high heat fluxes 
in be obtained by electron bombardment and this method 
\s been used to simulate reactor heat ratings in rig tests 
/ a Calder Hal! type element. The test element was 
sentially a coaxial diode; a vacuum tube representing the 
»1 rod was the anode, the cathode being a tungsten wire 
setched down the centre. Maximum reactor heat 


sings were achieved easily and it is considered that if 


\yuired the power input could have been several times 
ater. This paper discusses the characteristics of the 
ythod and describes the important features of the design. 
\This paper was presented at the Symposium on_ the 
sign of Experimental Equipment for use in Nuclear 
sergy Research, \\th-14th April, 1961, held at Atomic 
sergy Research Establishment, Harwell. 


| 1. Introduction 


--N a Calder Hall type nuclear reactor the fuel element is a 
» uranium rod encased in a thin Magnox can. The heat 
' released by nuclear fission is removed by conduction 
s ough the uranium and can to the cooling gas. The radial 
‘aperature distribution in the element is indicated in Fig. 1. 
the neutron flux is uniform in the region of the element the 
‘it release within the uranium fuel is uniform and _ this 
duces a parabolic temperature distribution in the uranium. 


: can 
yasincaie 0-070in. thick 


200 


Temperature 
(deqC above can surface te 


| 
| 
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| 
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Temperature distribution in fuel element for a rating 


lig. 1. 
of 5 Mw/tonne (1-62 kw/in.). 


- Now with English Electric Co. Ltd., Atomic Power Division, 
‘etstone, Leicester. 
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There is a temperature drop between the uranium and 
Magnox due to the thermal resistance of the interface and 
there is also a small drop through the wall of the can. 

Many studies of the behaviour of fuel elements in service 
are more easily carried out by laboratory tests with simulated 
reactor conditions rather than in a reactor where the condi- 
tions cannot be as readily controlled. For tests on the heat 
transfer performance, the evolution of heat from the fuel by 
fission must be simulated by heating the element using a 
non-nuclear method, the choice of a suitable method for a 
particular test depending on which reactor conditions must 
be represented exactly. Uniformly distributed heating can be 
obtained ‘out of pile’ by passing a heavy current through the 
uranium. This method, however, can only be used if the 
required test conditions allow the use of insulation between 
the uranium and the can. For the actual investigation under 
consideration—that of the thermal contact resistance between 
the uranium and can—this was not possible, although the 
parabolic temperature distribution in the uranium would 
have been desirable for the correct simulation of the differ- 
ential thermal expansion of the uranium and can. 

An alternative to uniformly distributed heating is to use 
a uranium tube instead of a rod, and heat the inside of the 
tube. In this case the radial temperature distribution in the 
uranium is logarithmic. Fig. 2 shows such a distribution in 


250 


200 


Temperature 
(degC above surface temp.) 


0 01 02 03 04 O05 0575 
Radius (in.) 


Fig. 2. Temperature distribution in uranium for a rating of 

1:62 kw/in. A, parabolic for bar with uniformly distributed 

heat source; B, logarithmic for tube with separate internal 
heat source. 


a tube 1-15 in. outside diameter, and also the parabolic 
distribution for a uniformly distributed heat source in a solid 
rod with the same total heat input. It can be clearly seen 
that if a hole for a heater in the centre of the uranium were 
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small, the temperature at the inside surface would have to be 
high to simulate reactor heat ratings. If the maximum 
temperature were not to exceed that for uniformly distributed 
heating, the inside diameter of the tube would have to be 
not less than 0-7 in. 

For the determination of the thermal resistance of the 
interface, temperature measurements were required using 
thermocouples within the wall of the uranium tube. Thus a 
reasonable wall thickness was necessary, and a tube 0-7 in. 
inside diameter was chosen to represent the fuel rod. A thick- 
walled tube was also desirable for the radial thermal expansion 
of tube to approximate to that of a solid rod with uniformly 
distributed heating. Theoretically, assuming the uranium 
has constant physical properties and behaves elastically, the 
overall expansion of a thick tube with a logarithmic radial 
temperature distribution is not very different from that of a 
rod with an equivalent parabolic distribution. The expan- 
sions are the same if the tube has an inside to outside 
diameter ratio of 0-53. 

For heating the inside of the tube an electron-bombardment 
technique was chosen as there was considerable doubt 
whether a conventional resistance type heater, insulated from 
the uranium, could give sufficiently high heat ratings and a 
heat input sufficiently uniform axially and circumferentially, 
to represent reactor conditions. The heater was simply a 
hot tungsten filament wire stretched along the centre of the 
tube. With a vacuum inside the tube, a d.c. potential 
difference between the tube and filament caused the tube to 
be bombarded with electrons emitted from the filament. 
The energy to accelerate the electrons was given up as heat 
as they struck the tube wall. High heat input could be 
obtained with emission currents of a few amperes by applying 
about 1000 volts between the tube and filament. 


2. Electrical characteristics of the heater 


The principles of electron emission are well known (Terman 
1943). A hot filament in a vacuum emits electrons which 
form a cloud round the filament. If there is an electrode 
called an anode in the region of the filament at a small 
positive potential with respect to it, the potential field will 
remoye electrons from the cloud to the anode, allowing more 
electrons to be emitted from the filament. Hence an electric 
current flows from the anode to the filament. If the potential 
difference between the anode and filament is increased, the 
emission current increases until electrons are being removed 
from the electron cloud as fast as they can be replaced by 
emission from the filament. At this stage further increase 
in emission current can only be obtained by raising the 
temperature of the filament to increase the rate at which 
electrons are emitted. This condition is known as tempera- 
ture limited emission. Before the potential field is strong 
enough to remove electrons as fast as they can be emitted 
from the filament, the emission current is space charge 
limited. The power input, which is the product of the 
applied volts and emission current, is dissipated as heat 
where the electrons strike the anode. 

When using electron bombardment as a method of heating, 
temperature limited emission is unsatisfactory as it is difficult 
to keep the emission current constant unless elaborate equip- 
ment is used (Allenden 1959). Small changes in filament 
volts affect the filament temperature resulting in large changes 
in emission current. Also the emission current depends on 
the cleanness of the filament and the degree of vacuum. 
Conversely, with space charge limited emission, the emission 
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current is independent of filament temperature and reas 
independent of the degree of vacuum. i 

In a coaxial diode where the filament wire is central} l 
a tubular anode the emission is uniform axially, provia 
filament is hot enough along the whole of its length | 
emission to be space charge limited, and thus indepens 
axial variation in filament temperature. It is interes} 
note that the emission is also independent of the) 
temperature and therefore the heat input to the ti) 
independent of the tube temperature. | 

Circumferential uniformity of the heat input depea 
the filament being central in the tube. For a small |} 
tricity of the filament, the local heat input is inj 
proportional to the distance between the filament aj 
tube. Thus for a slightly eccentric filament, the perg 
variation in heat input above or below the mean v' 
equal to the eccentricity expressed as a percentage | 
tube radius. For example, a filament eccentricity of OW 
in a tube with a bore | in. diameter would produce} 
+2°% circumferential variation in heat input. Varia‘ 
heat input circumferentially tends to be reduced by tli 
bowing of the tube. The side with higher heat input, 
up more than the other side and bends away frofj 
filament producing a stabilizing effect on the heat} 
variation. 

The space charge limited emission current varies — 
applied potential to the power 1-5, and inversely as thi 
diameter. Curves of emission current against applied 
are shown in Fig. 3 for various tube diameters with | 
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Fig. 3. Relation between emission current and ailé 
potential for various anode diameters. \| 
filament. These curves are only approximate as the e i] 


current varies slightly with the ratio of the filament anid 
diameters (Terman 1943), and magnetic effects of the fi i 
heating current also affect the characteristics. Fig. 4 |i} 
the relation between the power input to the tube by allt 
bombardment and the applied volts for the same rai 
tube diameters. It can be seen that if a high voltage is: 
a power input of several kilowatts per inch can be ob% 
with an emission current of only a few amperes per inci} 

With space charge limited emission there is a limit 
power input which can be reached, and this is govern 
the life of the tungsten filament. To achieve enough ent | 


I 
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ir high power input, the filament temperature must be in the 
gion 2500-3000" K, and at these temperatures significant 
vaporation of the tungsten occurs. A higher emission 
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)Fig. 4. Relation between power input by electron bombard- 
ment and anode potential for various anode diameters. 


jrrent requires a correspondingly higher filament tempera- 
ire and this results in an increased evaporation rate. The 
te of a filament cannot be predicted accurately but a useful 
idication of the expected life can be inferred from the 
eoretical time for the loss of a particular proportion of the 
jngsten by evaporation. Fig. 5 shows how the expected 
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lives of filaments 0:5 mm diameter to 1-25 mm diameter 
depend on the emission current. These curves are for a 
10% reduction in weight based on data given by Jones and 
Langmuir (1927). Filaments of small diameter have shorter 
lives than those of larger diameter because they need to run 
at a higher temperature for the same emission. Filaments 
with diameters greater than 1-25mm would have longer 
lives, but the magnetic fields associated with the much larger 
filament heating currents required, seriously affect the 
emission current. 

Figure 5 suggests that a 1-25 mm diameter filament could 
run for 100 hours with an emission current of 4-5 A/in. With 
an anode potential of 3000 v in a | in. bore tube, the emission 
would be space charge limited, and it would thus be sufficient 
for a uniform power rating of 13-5 kw/in. The power 
rating could be much higher than this for the same emission 
current and filament life if a higher anode voltage were used. 
In this case, however, the emission would be temperature 
limited and the heat input would not necessarily be uniform 
axially as it would depend considerably on slight axial 
variations in filament temperature. 


eel 
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Fig. 6. Currents for heating tungsten filaments of various 
diameters in relation to the emission current required. 
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Fig. 7. Voltages for heating tungsten filaments of various 
diameters in relation to the emission current required. 
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Alternating currents and voltages required to heat the 
filament are shown in Figs 6 and 7 plotted against the emission 
current required. These curves are also based on data given 
by Jones and Langmuir (1927). Some useful data on the 
characteristics of tungsten filaments are also given by Kohl 
(1951). The energy to heat the filament is dissipated by 
radiation and this results in extra heat input to the tube wall. 
The total power input is therefore the sum of the power 
supplied by electron bombardment and about 0-1 kw/in. 
supplied by filament heating. 

The emission current also heats the filament as this current 
has to flow along the filament to the terminal. It is however 
a direct current superimposed on the alternating filament 
heating current and the resulting total r.m.s. current is very 
little higher than the r.m.s. value of the alternating filament 
current. In fact the heating effects of the two currents can 
be considered separately and if the square of the total 
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emission current is small compared with the square of the 
filament current, then the emission current filament heating 
effect is negligible. 


3. Design and operation of the test rig 


The general arrangement of the test section for interface 
resistance measurements using a specimen heated by electron 
bombardment is shown in Fig. 8. The fuel element was 
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Fig. 8. Arrangement of test section interface rig. 


located in a test chamber forming part of a pressurized CO, 
circuit with the specimen vertical so that it was easier to 
arrange for the filament to be central inside the tube. 
Although most tests were carried out with a steel tube, a 
uranium tube was used for some tests and the heater operated 
satisfactorily in both cases. The specimen, consisting of the 
tube with a Magnox can pressurized on to it, was assembled 
in the rig by connecting extensions to the ends of the tube and 
can, and the whole test assembly was supported from the 
top flange of the test chamber so that it could be removed 
from the rest of the rig as a unit. 

As the heater was essentially a high power co-axial diode, 
many of the design details were based on experience gained 
in the design of high power valves. During operation the 
inside of the specimen was continuously pumped with an oil 
diffusion pump. So that a good vacuum could be maintained 
all the materials of the vacuum circuit had a low vapour 
pressure at operating temperature and where necessary 
components were out-gassed and checked for porosity 
during manufacture. Constrictions impeding evacuation 
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were avoided as much as possible. Several types of vacuur| 
seals were used. At operating temperatures up to 150° q| 
silver-plated steel ‘O’-rings, and copper ‘O’-rings smeareij) 
with silicone varnish, were found to be satisfactory; oth 
types such as rubber ‘O’-rings were used where the temperal) 
ture was low or where water-cooling could easily be ananeae 
Although they have not yet been used in the rig, it is believe 
that silicone rubber ‘O’-rings will operate at 200° c for a few) 
hundred hours. | 

The specimen tube was bored straight from stress-relievee 
material so that when heated relief of residual stress would| 
not cause bending which would result in non-uniform heating} 
The ends of the 1-25 mm diameter tungsten filament wer) 
atomic hydrogen welded to 4 in. diameter molybdenum rod 
leading to terminals at the ends of the test section. Thy 
joints were prepared for welding by inserting the tungstem|) 
wire into short holes drilled in the ends of the rods. Tha 
terminals were insulated from the rest of the test section b3|| 
glass seals fused to ‘Nilo-K’ rings having a similar thermat}) 
expansion coefficient, the ‘Nilo-K’ rings being joined to thal 
steel components of the rig by copper brazing. Electrical 
connection to the lower terminal was made with a coppet| 


chamber. | 

The tensioning device to keep the filament straight 
originally consisted of a sliding terminal with a bellows} 
seal. This allowed check measurements of the extension off 
the filament to be taken during tests so that the tension o f 
the filament could be adjusted as required. This syste | 
needed very careful operation and plastic extension of the} 
filament sometimes occurred because it was not possible tal 
correct the filament tension quickly enough with changes 1 | 
filament temperature. A later modification was made soj 
that a fixed tension of about 4+ lb was applied to the filamentl 
by a light spring inside the vacuum chamber. Although they 
extension of the filament could not be checked and the} 
tension could not be adjusted during testing, the modified 


system worked perfectly, keeping the filament straigh 
without straining it plastically. Ht 
Insulators fixed near the ends of the filament leads held thet 
filament central in the tube. These insulators were triangles} 
cut from alumina disks. There was a central hole in the} 
insulators so that they could be clamped with molybdenum } 
locknuts on the threaded ends of the filament leads. The} 
corners of the insulators were ground concentric with the} 
hole to make them a sliding fit in the specimen tube. The} 
triangular shape allowed sufficient gap past the insulators for| 
a good vacuum to be maintained in the heater. 
The ends of the filament, where the temperature was likely }] 
to be too low for space charge limited emission, were masked 
for a length of }in. with thin molybdenum tubes 5%; in. |] 
diameter fixed to the ends of the filmanent leads. This} 
ensured that nearly all the emission was from the part of the }} 
filament between the masks where it was hot enough for}] 
space charge limited emission. Thus the total power input |] 
by emission could be taken as uniformly distributed along }} 
the effective length of the filament. | 
A simplified diagram of the electric circuit is shown in |] 
Fig. 9. The actual circuit was more complicated as the 
heater circuit was only part of the control circuit for the 
whole rig including the blower, gas heaters, vacuum pumps, 
and gauges and many safety devices were incorporated so | 
that the supply to the heater was automatically shut off if a 
fault occurred in other parts of the rig. 
The filament heater supply was 80 a at 25 v. The voltage 
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/>quired was greater than that indicated in Fig. 7 as there 
/as a significant voltage drop in the filament leads and in the 
feections between the transformer and the rig. Fig. 9 
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Fig. 9. Electron bombardment heater control circuit. 


ows that the whole of the filament circuit operated at a 
figh d.c. potential relative to earth, and the insulation, 
icluding the insulation of the secondary winding of the 
jlament heater transformer, had to be sufficient to withstand 
us potential. 

' The total d.c. supply available was 15 A at 1500 v, although 
«il of this power could not be used to heat the specimen as a 
fertain amount of power was dissipated in the current 
miting resistance, reducing the available voltage at the 
yeater to about 1000 v. The function of this resistance was 
i) limit the discharge current in the heater until the over- 
jirrent relay had time to shut off the supply if the pressure 
ii the heater rose allowing a discharge to occur. This 
‘appened quite often in preliminary tests until the vacuum 
‘rcuit had been properly outgassed as raising the temperature 
aused gassing and loss of vacuum. During normal opera- 
‘on the pressure was usually between 10~° and 10-5 mm Hg 
gieasured in the vacuum manifold. 

When switching on the filament heater the voltage supply 
‘as increased slowly from zero using the regulator, because 
jie cold resistance of tungsten is of the order of one tenth 
at at operating temperature, and the current surge from 
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switching a cold filament on to full voltage would damage 
the filament and probably the transformer. The usual 
procedure when starting up the emission heating was to set 
the d.c. voltage between the filament and earth to a suitable 
value for the power rating required and then increase the 
filament current until no further increase in emission current 
could be effected by an increase in filament current. This 
ensured that conditions of space charge limited emission 
had been reached. 

The maximum uniform power input obtained was a little 
over 1-6 kw/in. If more power supply were available much 
higher power ratings could easily be achieved, assuming that 
sufficient cooling could be arranged to prevent overheating 
of the specimen. 


4. Conclusion 


The electron-bombardment method of heating has been 
used successfully to simulate reactor power ratings in heat 
transfer tests on a dummy fuel element. Where the method 
can be used, it has the advantage over more conventional 
methods of heating in that the power ratings that can be 
achieved are very much higher. The techniques required 
are not new as they have already been established in the 
manufacture of high power valves and high vacuum systems. 
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Abstract 


The variation of wood density through the thickness of the 
individual growth rings of trees is of interest to those 
concerned with research on the growing of trees and the 
subsequent utilization of the timber. An experimental 
instrument has been developed in which a finely collimated 
beam of carbon-14 beta-particles is used to measure the 
density variations along thin longitudinal sections cut with 
a microtome from radial core borings obtained from the 
trunks of standing trees. The response of the instrument 
is linear for densities up to at least 1-0 g/cm} with sections 
100 microns thick, and density discontinuities 0:05 mm 
apart can be resolved. Density changes of 3-5% can be 
detected, at a speed of traverse of 0-5 mm/min. The 
instrument may well be applied to other materials. 


1. Introduction 


LTHOUGH the instrument is suitable for measuring, with 
good resolution, the variation of mass per unit area of 


any thin material, it was designed with a specific 
application in view. In this application it is used to measure 
the density distribution along the length of sections of wood 
8 in. or more X $in. x 100 py thick, as distinct from previous 
measurements on a semi-microscale using thick specimens 
(Cameron et al. 1959). These sections were cut with the aid 
of a microtome from the cores of radial borings which 
traverse the growth rings of standing trees. The density 
distribution is therefore obtained without destroying the tree, 
and the information can be used as a guide to sylvicultural 
treatment, for assessing the value of trees, and for selecting 
those required for propagation. Details of the use of the 
instrument in this context will be the subject of a separate 
communication to be published by the Forest Products 
Research Laboratory, Princes Risborough, on behalf of 
whom the instrument was designed. 


2. Factors affecting the design 


Two criteria which had to be satisfied were an adequate 
geometrical resolution and an adequate sensitivity. The 
geometrical resolution is defined as the least distance separa- 
ting two thin wires, representing density discontinuities, at 
which they can be distinguished. It will be seen that this 
corresponds to the separation of two over-lapping response 
peaks, which is a familiar problem. The second criterion, 
the sensitivity, is defined as the smallest change in density 
which can be detected. This is the same as the smallest 
change in count-rate which is significant of a change in 
density, and therefore will obviously depend on such factors 
as the time of observation, the background and the count-rate. 
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The system used was a radiation source, a slit assem bt} 
a detector. The factors determining the choice 4 f 
radiation source were (i) that the radiation should be e 
by an isotope of long half-life, (ii) that it should haf 
energy which gave the desired beam attenuation ov! 
range of densities to be encountered (the optimum co | 
is that 87°% of the radiation is absorbed by the spect 
and (iii) that the source of radiation should be availabl}} 
very high specific activity, so that collimation can be | 
obtain good resolution with the minimum loss of | 
intensity. The source chosen was carbon-14 in cruda 
material from the alga chlorella-C14, which provides 4 
the highest specific activities available for this isotope. | 

The detector was required to have a high efficiency ff 
detection of low energy beta-particles, to be stable in ¢ 
tion, and to be convenient to use. 


— 


It would also be reg 

to operate behind one of the slits forming the colli 

system for the radiation beam. A scintillation countd} 
p 


chosen because there is some flexibility in the cho 
scintillator and its positioning with respect to the 7 
multiplier and slit. A thin disk of anthracene cemen#z 
a light guide was finally used. 


ee 


3. Description of the instrument 


f 


The details of the apparatus are shown schematicayl 


Fig. 1. The specimen to be examined is kept rigid a 


-PHOTOMULTIPLIER 


LIGHT TIGET HOUSING): 


SLOTTED SPECIMEN CARRIER 


GUIDE RAIL PERSPEX LIGHT GUIDHh | 


“ANTHRACENE CRYSTA\ 


SLIT COVERED WITH FOIL BASE PLAY. 


SOURCE ADJUSTMENT SCREW \ 
OBA DRIVING SCREW 


FLAT ON SCREW 
TO STOP ROTATION | 
SOURCE HOLDER 


Fig. 1. Details of the apparatus showing the specimen car: 
in position and the source raised into the specimen carrier s}: 
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y sticking it to the slotted specimen holder. This slides 
etween the guide rails on the base plate. A hole in the 
entre of the base plate accommodates the source, which can 
e raised to enter the slot in the specimen holder. This is 
ecessary because the distance between the source and the 
etector must be kept as small as possible so as to achieve 
ye maximum counting rate. A OB.a. driving screw, 
_mm travel per turn, is the traversing mechanism by which 
4e specimen is moved between the source and the detector. 
‘he screw is driven at constant speed by a synchronous 
lectric motor, but the rate of movement of the specimen 
yay be altered by changing the pulley wheel ratio. 

The scintillation detector consists of a light-tight housing 

jontaining the photomultiplier and Perspex light guide, to 
\yhich is cemented a 1 mm thick anthracene disk. A hole 
jnachined in the end of the housing was covered on one side 
fith a selected piece of aluminium leaf 30 x 10~° in. thick, 
jnd on the other side with two razor edges which formed one 
jit and which could be adjusted for varying the slit width. 
_ A very high intensity beam of carbon-14 beta-particles was 
{equired from the source, and the design shown in Fig. 1 was 
jyentually adopted. The brass cap ;'¢ in. thick had a slit 
4#-3mm wide cut across a diameter of its end face. The 
irass post, which was a sliding fit in the cap, accommodated 
dye source in a recess. The source was deposited in this 
wecess, covered with aluminium leaf, and then protected by 
ementing the brass cap in position. 

A threaded shaft attached to the source allowed it to be 
aised and lowered, but a flat was cut on one side of the 
jhaft to prevent it from rotating and throwing the slits out of 
jlignment. The alignment of the source and detector slits 
y/as critical, and necessitated a mounting which was adjustable 
ut which could be rigidly locked in position. 
i The associated electronic apparatus for detecting, ampli- 
ying and recording the pulses was conventional except that 
trovision was made for feeding a 2-decade logarithmic 
atemeter from the Dekatrons of a scaler. This gave a good 
‘zale length on the strip chart recorder for ease in reading, as 
yell as accurate range changes by factors of 10, by switching 

ne ratemeter to the output of the appropriate Dekatron. 
hs the input to the logarithmic ratemeter depends exponen- 
a upon the wood density, the overall response of the 
: 


istrument within its working range is sensibly linear. 


4. Performance 
4.1. The detector 


| The optimum working conditions for the scintillation 
\letector were found by plotting the e.h.t. characteristics. 
\n anthracene disk cut from a single crystal was compared 
vith a plastic scintillator disk of similar size, and curves for 
‘ource and background were plotted. It was clear that 
Biiracene provided a better discrimination between source 
ind background than did the plastic. 


4.2. Alignment of the slits 


The count-rate is a maximum when the source and detector 
lits are accurately aligned. Fig. 2 shows the variation in 
‘ount-rate as one slit is moved across the other. A displace- 
nent of as little as 0-025 mm could cause a 10% change in 
he counting rate. An indication of correct alignment can 
uso be obtained by observing the counting rate as the two 
ilits approach each other, as shown in Fig. 3. The curve 
should not have a maximum point which would indicate 
hat one slit is offset from the other. 
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The correct angular alignment of the slits can be made in a 
similar way, as shown in Fig. 4. The central position was in 
this case found optically, but normally this would not be 
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Fig. 4. The variation in counting rate as the angle between 
the slits is varied. 


done because it involves dismantling the detector. The 
displacement of the peak from the central position was due 
to a small offset of the slits during the measurement. This 
was corrected before further measurements were made. 
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4.3. The density calibration 


The calibration for density was made with a step-wedge 
composed of layers of nylon film 0-01 mm thick. The strip 
of film was selected for uniformity by measuring the variation 
in mass per unit area of many different pieces. A uniform 
piece was then calibrated by measuring its thickness and by 
weighing a known area. Fig. 5 shows the calibration curve, 
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Fig. 5. The density calibration curve. 

which is linear up to about 12 mg/cm?, which is almost the 
limit of the useful range of the instrument because of the 
approach to background at this end of the scale. The 
working range is dependent upon the width of the slit, which 
in turn governs the resolution. The slit width was later 
reduced to improve the resolution to 0:05 mm (50 4) and 
this reduced the upper limit of the working range to 8 mg/cm?. 
The different absorption coefficients of wood and nylon 
arising from differences in hydrogen content do not signifi- 
cantly affect the shape of the curve. 


4.4. The response time 


If a straight edge is moved between the two slits, the graph 
of counting rate plotted against distance gives a response 
curve for the instrument as shown in Fig. 6. This curve 
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Fig. 6. The change in response as a straight edge passes 


between the slits. 
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system and on the speed at which the edge moves between t 

slits. For a time constant of 15 seconds, the rate of travel) 
could not be faster than 0-3 mm/min to achieve a symmetrica}} 
response. |r 


i! 
4.5. The geometrical resolution and response curves | 


Although the resolution is governed by the slit width, it 1 
not necessarily equal to it because of factors such as beta: 
particle scattering, source inhomogeneity and slit alignment} 
It is therefore necessary that it should be checked experi 
mentally. The geometrical resolution has already beer} 
defined as the least distance which must separate two thir 
wires in order for them to be distinguished. Fig. 7 shows 
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Fig. 7. The arrangement for measuring the response curves 


of wires. (Dimensions in mm.) 
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three such wires of different diameters and their positioning 
relative to the two slits. The response curves are shown inj 
Fig. 8 and it can be seen that each wire gives a response ‘peak’, 
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Fig. 8. The response curves for wires of various diameters 


as they pass between the slits. 


Therefore in order for the wires to be recorded separately, | 
their peaks must be recorded separately, and in accordance 
with usual practice the simplest assumption is that two equal | 
peaks will be resolved provided they do not intersect at a_ 
point higher than half their peak height. Since the peaks _ 
are identical in shape, one can then measure the resolution 
by measuring the width of the peak at half the peak height. | 

If Fig. 8 then is examined in the light of this re-phrased 
definition of resolution, it can be seen that the half-peak 
width W depends on the wire diameter ¢. For the larger 
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|vires, W is equal to ¢ as would be expected from simple 
| ‘eometrical considerations. For the thinner wires, W is 
jadependent of # and is the true resolution. In these 
{aeasurements it was 0-31 mm because the controlling slit 
vas the one over the source. 
The significance of the term ‘thin wires’ in the definition of 
esolution can now be appreciated; unless the wire is narrower 
han the slit, the half-peak width will be the wire diameter 
nd not the slit width, and therefore not the resolution. 
\Ugorously, the resolution R is equal to W only when ¢ is 
j2ss than R. 
| A further point to note in this connection is that the curve 
jor ¢ = 0-45 mm has a half-peak width equal to this value 
{f ¢, and yet the curve never reaches background level. The 
alf-peak width confirms the fact that the wire is wider than 
Vind slit, and yet the fact that it never reaches background 
2vel means that it never completely obscures the radiation 
eam from the slit. This discrepancy is probably due to 
eta-particles being scattered into the detector slit from the 
ir surrounding the wire. It also follows that the correct 
rocedure for measuring the resolution is to reduce ¢ until W 
jemains constant. The alternative procedure, to reduce ¢ 
ntil the curve fails to reach background level, may give an 
|rroneous result because of the effect of beta-particle scattering. 
Lastly, in the curve for ¢ = 1-11 mm the radiation beam 
‘as been totally obscured, and therefore each half of the 
jurve is a straight edge response. The width D of the 
\traight edge curve has been indicated on the diagram by a 
\elf-explanatory geometrical construction. It can be shown 
jhat D should be equal to the width of the slit. In fact 
|), = 0-31 mm and D, = 0-32 mm, which agrees reasonably 
lvell with the width of the source slit (0-30 mm). The width 
, (Fig. 6) is not in such good agreement (0°34 mm) and this 
jgain is probably due to the difference in beta-particle 
cattering between the sharp edge of the razor blade and the 
ylindrical edge of the wire. There is some stray radiation 
‘scaping laterally from the source slit which would not 
jhormally enter the detector slit. The approaching edge can 
icatter this stray radiation into the detector slit, but the 
(umount of scatter will depend on the shape of the edge. 
The best resolution obtainable was 0:05 mm (50 4) and 
his was achieved by adjusting the detector slit to this value. 
/\ reduction in slit width moves the density calibration curve 
yarallel to itself towards the origin. The upper limit of the 


i 


i 


)-onditions. 
5. Sensitivity 


The recorder trace deviates from a steady reading, even 
vhen the specimen is stationary, because of the statistical 
‘uctuation in the counting rate. The sensitivity, defined as 
he smallest change in density which can be detected, would 
therefore depend on these fluctuations. 

If the mean counting rate is N, the output of the ratemeter 
vill have a relative standard deviation equal to (2NT)~!/? 
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where T is the ratemeter time constant. Now it has already 
been shown from the density calibration curve that the 
absorption of beta-particles is exponentially dependent upon 
the density of the specimen, i.e. N = No exp (—mpb) where m 
is the mass absorption coefficient, p is the density and b, the 
thickness of the specimen, is constant. No is a constant 
determined by the strength of the source, the efficiency of the 
detector and the area of the slit, and is equal to N, the counting 
rate, when b = 0. 

Differentiating, 


dN 
N 


= — mpb Gh : 
p 


This means that for a change in density from p to p + do 
the counting rate changes a proportional amount. Let this 
change in counting rate be equal to three times the standard 
deviation of the ratemeter output. Such a statistical fluctua- 
tion of the counting rate rarely occurs in practice (probability 
3 x 10~3) and therefore such a deviation can be regarded as 
a significant change of density. 

Hence 


— ss ='3(pb) ONT) = 1/4 


and replacing mpb, 


dp Nove 
ie. 1/2 
5 3(In 7) (2NT) : 


This expression for the sensitivity shows that it is not 
constant as p (and hence N) varies. There is a minimum at 
N/No = 0:135 (corresponding to mpb = 2) but the curve of 
sensitivity against p is relatively flat over a substantial portion 
of the range. For instance, for a ratemeter time constant 
of 10 seconds, the best sensitivity occurs at 6 mg/cm?, where 
the sensitivity is +2:3%, and over the range 2-12 mg/cm? 
the sensitivity is not worse than +3-3%. It can therefore 
be concluded that a deviation of 34% over the range 
2-12 mg/cm? constitutes a significant change in density. 
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Abstract 


The light intensities (crossed and parallel polaroids) trans- 
mitted by a spherulitic polymer film of uniform thickness 
have been measured using a_photomultiplier-recorder 
system. These intensity measurements have been corre- 
lated with the optical retardations (Berek compensator) 
measured over the same temperature interval. The 
linear relationship obtained establishes the validity of the 
technique for following changes in optical retardation. 
Typical results are given for polyhexamethylene adipamide 
(66 nylon) and isotactic polypropylene polymer films. 


1. Introduction 


available for measuring optical retardation in aniso- 

tropic systems but these methods are not particularly 
suitable for following rapid and continuous changes. During 
earlier observations made while studying crystallization rates 
in polymers (Magill 1960) it was found that the change in 
intensity of light transmitted by a birefringent spherulitic film 
between crossed polaroids followed a trend similar to the 
birefringence dependence over the same temperature range 
(Cannon and Chappel, to be published*). A more detailed 
study revealed that the technique described for rate measure- 
ments (Magill 1961) could be adopted for following con- 
tinuous changes in overall retardation or birefringence with 
temperature. 


Sms techniques (Hartshorne and Stuart 1960) are 


2. Theory 


Assuming that absorption, reflection and scattering are 
negligible, the intensity of light transmitted by a uniformly 
thick optically anisotropic crystal plate or film (Partington 
1953) with crossed polaroids, is given by 


I, = a* sin? 2a sin? (7 R/A) (1) 


where a is the amplitude, « is the angle between polarizer and 
the axis of the crystal, R the optical retardation and A the 
wavelength of the monochromatic light. 

With parallel polaroids, the intensity is 


I, = a{1 — sin? 2a sin? (7R/A)} (2) 
whence it follows that 
I 
i, = sin? 2x sin? (<) (3) 


where Jy = 1, + /,. This expression eliminates effects of 
any variation in source intensity, photomultiplier gain or 
sensitivity and minimizes stray radiation signals. 

Spherulites may be considered to have a radially sym- 
metrical distribution of optically anisotropic crystallites. 


* A summary of this work is published in the report of the 
Bristol Conference on Physics of Polymers, January 1961 (Brit. J. 
Appl. Phys., 12, 261). 
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For a simple two dimensional spherulite, the contributia}/i 
all orientations to the transmitted light intensity is givel| 


8 I ein ade 
0 


where 0 < a < 47. For such a spherulite 


I. — sin2 (=) Te sin? 2ada; 
Ip A 0 
hence 
fe ~ = (=) 
i = Testi wk 
In general, 
Vf 
i, = k sin? ae 
or 
I 1/2 
sin~! (7) oR 
Io 


for a uniform spherulitic film for the three dimensional mf} 


3. Experimental method 


An annealed birefringent polymer film was mo 
between No. | glass cover slips using MS 550 silicone ch 
an immersion medium which gives protection against o | 
tion. The sample was placed on the Kofler hot stage mo | 
on the polarizing microscope and focused visually. | 
entire field was filled with spherulites. The micros# 
substage was removed to reduce light scatter and to faci | 
the illumination of the sample with parallel light fro 
stabilized tungsten source. Light of wavelength 430-490 
selected using an Ilford spectrum blue filter, was use} 
obtain maximum sensitivity with a Mazda 27 Ml p i 
multiplier. The photomultiplier was suitably placed | 
the microscope eyepiece to receive the transmitted lighif 
the photocathode. Changes in the photomultiplier cu 
corresponding to the transmitted light intensity variatif 
were followed using a high-speed Honeywell—Brown mill ) 
recorder. The recorder response time was 0:25 seconds} 
full scale deflection, using a suitable load resistance, c 
sponded to a photocurrent of 10 wa. 

Recordings of the transmitted light intensity with cro 
polaroids (/,) together with periodic recordings of inte 
with parallel polaroids (/,), were made by moving the m 
scope analyser quickly from the crossed to the parq 
position and back again during the heating or cooling cy! 
A small variation in photomultiplier sensitivity with 
plane of polarization was observed, but it was found tha 


| 


Hl 


polarization corresponding to J, and I,. The zero posit 
was checked periodically during measurements by mor 
tarily shutting off the incident light. The temperaturd 
the sample was continuously varied by manual adjust 
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he hot stage rheostat controller. The hot stage mercury- 
‘lass thermometer temperatures during a run were periodi- 
y marked on the recording chart. A record was thus 
Je of changes in the transmitted light intensity during 
ting and cooling conditions. Good reproducibility was 
ained for individual runs on a given sample for both 
ag and falling temperatures. 

)ptical retardation measurements were also made, using 
erek compensator, over the same temperature range as the 


OF POLYMER FILMS 


light transmission readings. The mean of several spherulites 
in the field of view was found at every temperature for each 
film. These average retardation values were used subse- 
quently throughout this work, 


4. Results and discussion 


Equations (7) and (8) were verified experimentally using 
point determinations of J, and I,-interpolated from the 
recorder traces. Typical results are illustrated in lies lL, 2 


Sin? (TTR/A) 
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I 
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Fig. 1. Relationship between light transmission, optical retardation and temperature for 
positively birefringent spherulites in annealed 66 nylon film. 
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Fig. 2. Relationship between light transmission, optical retardation and temperature for 
negatively birefringent spherulites in annealed 66 nylon film. 
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and 3. The graphs of /, plotted against temperature decrease 
with increase in temperature in contrast to those of J, over 
the same range. These curves are mirror images of each 


other. For each polymer film examined /, + /, was constant 
(=Ip). Ig was therefore used for normalization purposes. 
Sin! 111) 
0 02 0:4 0°6 
200 


experiments taken as 460 mp). The transmitted 
intensity measurements which were always made on fi¢||« 
view completely filled by spherulitic regions were unaije 
by the shape of the spherulite boundaries. Exile 
differences in light intensity transmitted by irregularly Sc 


08 1-0 


(=) 
A 
oO 
nN 


a 
ts 
a 
S 
3 100 
2 J Sif! Ugly) 2vsR 

50 

0 
0 25 50 76} 
Temperature (°C) 
Fig. 3: 


Assuming a mean A of 460 my, the graph of J,/J) against 
sin? (7 R/A) for a positively birefringent spherulitic 66 nylon 
film is linear as predicted by Eqn (7). Straight line relation- 
ships were also found for graphs of sin! (J,/Jg)'/? plotted 
against R for a negatively birefringent spherulitic 66 nylon 
film (Fig. 2), and a positively birefringent isotactic poly- 
propylene specimen (Fig. 3). The largest changes in light 
intensity with temperature were observed for positively 
birefringent spherulites of 66 nylon. Comparatively small 
changes were obtained for the other two spherulitic films. 

The optical retardation (Berek compensator) measurements 
show similar trends over corresponding temperature ranges. 
These results are in agreement with measurements of Cannon 
and Chappel (to be published) who have made a detailed 
study of the birefringence of both positively and negatively 
birefringent 66 nylon spherulites at temperatures up to the 
melting point of the polymer. The trend observed in iso- 
tactic polypropylene is similar to that mentioned by Keith 
and Padden (1959). 

Annealed polymer films were used throughout these 
experiments because secondary ordering processes especially 
in isotactic polypropylene produce marked reductions in 
optical retardation (Keith and Padden 1959) and transmitted 
light intensity during thermal relaxation cycling prior to the 
attainment of an equilibrium state. The highest point in the 
temperature cycle should always be well below the polymer 
thermodynamic melting temperature 7,, to avoid hysteresis 
effects arising because of appreciable mobility in the solid 
below T,,. 

During the experimental procedure in this paper, care was 
taken not to exceed a retardation of 230 mp (A in these 
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fringent spherulites in annealed isotactic polypropylene film. 
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[=) 
xe) 
oO 


Jets 
Transmitted light intensity I¢ (arbitrary units) 


ro) 
So 
oO 


100 125 150 


or unsymmetrically disposed spherulites are presu 1 
averaged when a large number of spherulites are observ 


5. Conclusions 


The transmitted light intensity, with crossed and pa 
polaroids, can be formulated to give a measure of the oj! 
retardation and hence birefringence of thin sphert 
polymer films of uniform thickness. The linearity of 
optical retardations (measured by a Berek compen¢ 
plotted against the normalized transmitted light inte 
expressed by theory (Eqns (7) and (8)), establishes the vai 
of the technique, which can, therefore, be used to f Nl 
continuous and rapid changes in optical retardatioji) 
birefringence. 


| 
| 


7 
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Abstract 


jeoretical analysis of the design of packaged systems is 
\dily carried out on an electronic analogue computer, 
t to introduce a realistic stiffness term it is necessary to 
ow the dynamic performance under conditions similar 
| that of an actual impact. A system has been devised 
\ng an electro-dynamic force generator with force and 
\placement transducers to incorporate a sample of 
\shioning material into the analogue system, thus solving 
» cushioning problem under dynamic conditions. At 
|) same time, waveforms of force-time and force- 
placement are produced, showing the nature of the 
it-linear stiffness and the extent of energy dissipation. 


} 
j 


: 


HE transport of fragile equipment usually necessitates 


1. Compression characteristics of bulk materials 


/f| careful packaging to avoid damage being caused by 
‘fL the various hazards encountered during movement. 
¢e severity of mechanical shock is reduced by incorporating 
ne cushioning material between the packaged article and 
, Outer container in which it travels. Materials such as 
‘od or paper shavings or corrugated cardboard can be 
od, with the quantity and method used based entirely on 
jyerience, with little attempt at obtaining specific or 
peatable results. Many applications, however, require 
jcks to be designed to meet firm specifications of per- 
‘mance figures, and most of these employ cushions of 
me type between the inner and outer containers. Typical 
jik cushioning materials at present in use include (Schuler 
1538): (a) rubberized hair, latex-bonded curled hair in sheet 
/m, (b) foamed rubber, a soft, expanded rubber of cellular 
“m, (c) foamed plastic, based on polyurethane materials, 
open or closed cell structure. 

|When a package suffers an impact after a free fall, the outer 
atainer is brought to rest suddenly, but the kinetic energy 
issessed by the inner one is absorbed by the surrounding 
shions, which therefore apply an increasing force as they 
» compressed and cause a suitable deceleration of the inner 
icle to bring it to rest. The peak deceleration (peak G) 
curs at the point of maximum compression, and _ this 
termines the peak stress in all the components, and hence 
+ possibility of fracture. From the point of view of 
momy of size and material, the cushion design should be 
sh that this point occurs at a reasonable compression 
yout 70-80°%) but it must avoid the region where the 
shion ‘bottoms’ as the stiffness suddenly rises as it becomes 
ly compressed. The total force needed to compress any 


* Now with the Department of Physical Chemistry, University 
Cambridge. 
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B. H. VENNING, B.Sc.(Eng.), A.C.G.I., A.M.LE.E., and J. GUTTRIDGE, B.Sc.(Eng.)*, Department 


resilient material is not only that due to the static stiffness, 
but also any component arising from energy losses or 
damping. The dynamic stiffness characteristic therefore lies 
above the static curve during the forward stroke, and below 
it during the return, additional energy being needed to 
compress and less being returned. Many factors can con- 
tribute to the damping losses, but whatever they are, the 
resultant is almost certain to be frequency dependent. In 
addition, materials of a closed-cell nature exhibit a component 
of stiffness due to the pneumatic effect of compressing the 
gas in the cells, and this again will differ between slow and 
fast compressions. Dynamic stiffness is therefore the 
characteristic which controls the peak deceleration experienced 
by a given article when dropped from a certain height and it 
is essential to measure this under conditions closely related 
to those of the actual impact. 


2. Determination of dynamic response 


In view of the lack of knowledge of the dynamic per- 
formance of the cushioning materials, packaging design has 
largely been based on static curves, which usually give errors 
on the safe side as the additional dynamic effects all contribute 
extra energy losses, and thus lead to lower figures of peak G. 
Packaged systems in general do not readily lend themselves 
to theoretical analysis owing to the presence of the non-linear 
stiffness, but one method which has shown promising results 
is treatment via an electronic analogue computer (Venning 
and Guttridge 1960, private communication).t This replaces 
the original mechanical system by an analogous one of 
electrical voltages, and non-linear stiffness terms are easily 
simulated if the form is known. If the static stiffness curve 
is used, the solution of the problem is correct only for that 
particular law, so that the dynamic stiffness should be used, 
but this is itself dependent to a large extent on the solution, 
as the energy losses causing the dynamic effects are frequency 
dependent. For this reason, an analogue system was devised 
incorporating a unit utilizing a sample of cushioning material 
to provide a ‘real’ stiffness element, which therefore not only 
helped in the simulation of the correct system to obtain 
solutions of acceleration—time, etc., but also gave the dynamic 
compression curve of force-displacement of the cushion 
appropriate to the solution. 

The response of the simple system of Fig. 1(a) can be 
determined using a number of analogue units connected as 
in Fig. 1(b), with the static stiffness law simulated by unit D 
connected between P and Q. The mass my, travelling with 
an initial velocity X) is brought to rest by a cushion which has 


+ Proceedings of Symposium at Royal Radar Establishment, 
Malvern, April 1960, circulated by the Royal Radar Establishment. 
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a static stiffness law F(x), the motion being governed by the 
differential equation m,X + F(x) =0 or ¥ = — F(X)/m,. 
In the analogue system, voltages Vy, V,, and V, are made 
proportional to acceleration x, velocity x and displacement ~x. 
The functions of the units are arranged so that unit A intro- 


yr inertia force 


MF (x) cushion force 


error 


force moving- coil error V 
: 
transducer force generator x detecto 
— 
Vist 
displacement 


transducer 


Fig. 1. Analogue computer solution of the dynamic system. 


duces the coefficient m,, units B and C integrate with respect 
to time, and unit D transfers its input to output via any 
desired static law. The closed loop connection is such that 
unit A makes Vz = — Vr jm, Which is the analogue form 
of the differential equation of the system, and outputs are 
therefore obtained proportional to x, x and x. 

To incorporate the real stiffness element, unit D is replaced 
by a dynamic unit, shown between points R and S. The 
requirement for this is that at any instant within the com- 
pression cycle when the displacement is x,, it compresses a 
sample of the cushion material to that displacement and 
produces an output proportional to the force used, i.e. the 
Vr) 18 now obtained via the actual cushion instead of using 
a static curve. The compression force is obtained from a 
moving-coil generator, driven by a power amplifier, and a 
servo system ensures that the correct displacement is obtained 
at each instant. Details of the various parts are as follows: 


2.1. Moving-coil force generator 


This is based on a Goodman’s Vibration Generator, 
Model 390A, with the coil and magnet system modified to 
give a travel of 2in. The pole piece was modified to maintain 
a gap length of 0-5 in. and provided with three nylon inserts 
which rub lightly against the inside of the coil former and 
locate it within the gap. The thrust is then coupled from the 
coil to the pressure plate via a rod supported in a plain 
brass-bush bearing. (A ball-bearing bushing at this point 
gave a large amount of ‘noisy’ vibration on the shaft.) The 
coil is wound with a single layer of 22 gauge enamelled-copper 
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pressure plate 


|2in. total 
travel 


gap flux 
I weber/m2 
permanent 


magnet 
nylon 7A 
bearing 
strips ve 
5 total 
moun ) 
mass | 
|7 active ae § brass 
turns bush 
ih 
Mp 
NS —J | 
Fig. 2. Cross section of moving-coil force generator. 
wire, with 17 active turns in the magnetic field, out of a 


of 85 turns, giving a total resistance of 1-0 ohm (with fles 
leads). The magnetic field strength in the gap is appi 
mately 1-1 Weber/m? (11000 gauss), and the force Jae 
0:85 lb/amp. of coil current. The pressure plate is madj 
magnesium to keep the weight to a minimum, and the | 
moving mass is 7 Oz. 


2.2. Force transducer (Fig. 3) 

The force transmitted through the cushion is measuref 
a variable-capacitance pick-up having a high natural q 
quency (above 5 kc/s), so that it operates as a stiff [ 
controlled device with the displacement of the moving 


| 
i} 
| 


fixed plate 


mycalex disk 
(live ) 


moving 
plate 
(earthed) 


supporting 
diaphragms 


pressure 
plate 


Fig. 3. Force transducer. | 


proportional to applied force. The pick-up is use qe 
conjunction with a frequency-modulated system wit 
change of the pick-up capacitance alters the frequency 

Franklin oscillator, the carrier frequency being 490 
A buffer stage is followed by an f.m. detector utilizing 
EQ80 nonode valve, the output of this being passed to a i 
amplifier. The variable capacitance pick-up has a no 

capacitance of 80 pr, and an applied force of 41b caus 
variation of | kc/s in the oscillator frequency, with a resul 
output of 5v at maximum gain. Short term drift at 
output is of the order of 30 mv, due chiefly to the 
amplifiers. It is essential to measure the force applied tet 
cushion either at the pressure plate or at the back plate, 
differs from the total force generated at the coil by# 
amount used to accelerate the moving mass, only becom! 
equal to it when the latter is at rest. The natural frequa: 
of the back-plate and transducer is kept high by securing} 
lower edge of the plate to the main frame, so that it beh? 
as a vertical cantilever. | 


| 
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2.3. Displacement transducer 


his is also a variable-capacitance pick-up, consisting of a 
‘k carried by the pressure plate, moving parallel to a fixed 
jilated plate, at a separation of 0:075in. Although a 
{tively crude device, the linearity of output over a travel 
|2in. was quite sufficient. The carrier frequency was 
| ke/s, and the f.m. circuits were identical to those used for 
|| force transducer. The chief disadvantage was the 
sence of an out-of-balance mass at the top of the pressure- 
ie, together with the need for an additional guide, and the 
j-and-plate design has now been replaced by a pair of 
ixial cylinders mounted about the push-rod on the main 
|tre-line, between the coil and the main bearing. 


2.4. Power amplifier 


),\s this is within the servo loop, a linear power amplifier is 
jured, the general requirements being: 

.) D.C. coupling, as the low-frequency components of 
ses in the range of 100 ms would suffer too much phase- 
jt in any a.c. coupled amplifier. 

}i) Current output in the range of amperes. 

ii) Load resistance of 1-0 ohm, with a variation of 
jedance during movement of the coil due to the back 
.f. generated, so that the output impedance of the amplifier 
¥3t be high, acting as a constant-current source. 

iy) No d.c. component of current in the load under 
2scent conditions. 

tansformer-coupled circuits are unfortunately ruled out 
tthe need for a d.c. response, so the design employed a 
jisistor amplifier, using parallel connections of p—n—p 
nanium power transistors for the output stage. Various 
{h-pull, bridge and cascade circuits were considered from 
| points of view of current handling capacity and efficiency, 
( from the need to obtain a high output impedance. The 
3st suitable arrangement eventually used two power 
jisistors (Newmarket Type V60/30P) in parallel as a 
unded-emitter driver stage, feeding a further ten transistors 
nected in grounded-collector as the main output stage to 
‘ply the 1:0 ohm load. Backing-off current was fed 
‘ugh the load to balance the quiescent current and a 
arate base bias supply kept collector current independent 
ihanges in load impedance. 

Working from a supply voltage of +12 Vv, overall per- 
nance is 


— 


jurrent gain = 500. 

*eak—peak output in Class A, 104. 

fero-peak output approximately in Class B, with uni- 
' directional pulse 15 a. 

sandwidth, d.c., 2 kc/s. 


2.5. Servo loop 


Jelocity feedback was added to improve the performance, 
_ yelocity term being obtained by differentiating the 
dlacement output. With an optimum setting of this, 
ses of 100 ms were reproduced with little distortion and 
rshoot, but it was considered undesirable to use shorter 
ses than this as the system resonated at 45 c/s. 


3. Typical experimental results 


‘racings of oscillographs of some typical results for 
yples of various cushioning materials are shown in 
. 4. In each case, the top trace is that of compression 
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force against time, the middle trace is of displacement against 
time, and the lower one is that of compression force against 
displacement. 

As a test of performance, a small linear metallic spring was 
used, giving the results shown in Fig. 4(a@). The stiffness 


(a) I (c) i (e) | Ir 


Displacement Ve lA. VEX A_ Ve V0. oe 


(me ————e 


eve 


Displacement 


Compression 
force 


Compression 
force 


Fig. 4. Typical experimental results. 


measured on a static load test was 18-5 lb/in. and that 
obtained from the force—displacement curve is 18-6 lb/in. for 
a pulse length of 168 ms. The chief errors of measurement 
arise in making the final measurements from the photo- 
graphed traces. The narrow hysteresis loop obtained in this 
case represents the small energy loss arising in the spring. 
Cushion details for other samples are given in the Table 


) 
4(b) 


Q) 

Rubberized hair 
4 lb/ft? 

Rubberized hair 
4 lb/ft? 

Foamed 
polyurethane 
(polyester) 
2 lb/ft? open 
cell 

Foamed P.V.C. 
12 lb/ft? open 
cell 

Fibroceta cellu- 
lose wadding 

As in (d), 
enclosed in 
scaledeRavae 
envelope 


(3) 
AND 33) 


(4) 
1:8 


(5) 
125 


(6) 
0:42 


(7) 
3°8 


i) 


4(c) [03 3a li 3 214069 Oss 


4(d) jhog/ thekey ets) — Qe ils) 


A(e) 1:0 145 0-83 


4(f) -6X3-1 0:9 152 0-83 


4(g) -8xX2:0 1-4 163 0-83 


1, Figure; 2, Material; 3, Area (in2); 4, Thickness (in.); 5, Force 
pulse length (ms); 6, Peak compression (in.); 7, Peak force (1b). 


4. Comments 


The results shown above demonstrate the possibilities that 
exist in this method of measuring the dynamic performance 
of the cushion samples. The instrumentation for force and 
displacement transducers is satisfactory, although the dis- 
placement transducer has since been replaced by electrodes 
consisting of two concentric cylinders mounted on the main 
axis between the coil and the forward bearing. The chief 
limitation at present is that of available force, which arises 
from the need to use a linear power amplifier in association 
with the computing units. For testing with certain force- 
pulse waveforms, such as square, or half-sine, then the linear 
amplifier can be dispensed with and a switching and shaping 
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arrangcinent used to derive current pulses of much greater 
magnitude. This is being pursued, with the object of using 
larger cushion samples, in area and thickness, with com- 
pressions to bottoming point. Measurement accuracy from 
the final traces is poor, as in all photographic work, but 
readings of the peak values could be improved with peak 
reading meters. 

The force waveform shows a definite higher-frequency 
oscillation on some traces (e.g. Fig. 4(e)), which would 
appear to be due to compression waves in the bulk material, 
rather than to spurious responses of the system itself. The 
effect of compression waves in this method of testing differs 
from that experienced in actual cushioning use as they are 
recorded after a single transinission through the cushion 
thickness, instead of being reflected back to the compression 
plate again. The frequency response of the present system 
is not considered high enough to investigate these with any 
degree of accuracy. 


New Books 


Nondestructive Testing. By W. J. MCGONNAGLE. (New York, 
Toronto, London: McGraw-Hill, 1961.) Pp. xi + 455. 
Price £5 16s. 6d. 


In the preface the author observes that education in the field 
of nondestructive testing is a primary requirement for 
technology and that, as yet, few institutions of higher learning 
offer formal courses in this field. He lives in the United 
States of America but it prompts the observation that con- 
sideration might be given in this country to the provision of 
courses in the subject. For example, nondestructive testing 
could suitably form part of the Higher National Certificate 
courses in Applied Physics or Engineering at some technical 
colleges. It could be included in certain technical degree 
courses. At the end of the book the author rightly warns 
against some of the pitfalls of an unimaginative and unin- 
formed approach to nondestructive testing—for example 
“The idea is too prevalent that all one has to do is to get an 
instrument and one’s troubles are over’. He states that his 
aim has been to discuss basic principles, correct application, 
technique, and the results to be expected and interpreted. 
Between this ‘beginning’ and ‘end’ of the subject we find 
a very wide coverage of many established physical methods 
for the examination of materials. The important methods 
covered are classifiable under Visual testing, Pressure and 
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responses of different materials, together with the If “ 
sponding force-displacement curves. All exhibit nori|e 
stiffness characteristics, with a definite area enclosed || 
the force-displacement curve, showing the degree of | 
dissipation during a single half-cycle. | 
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leak testing, Liquid penetrant inspection, Thermal me 
Radiography (x-ray and gamma ray), Ultrasonics, Dyjl if 
testing, Magnetic, electrical and eddy currents. ‘Other | 
techniques’ and a separate chapter on thickness measure 
complete the survey. As regards the main topics the | 
ment is very thorough. The numerous illustrations are 
chosen—some of them would give the technologist 
knowledge about an instrument whilst others could wal) 
used as a guide to interpretation. In this respect the | 
is practical without being a laboratory bench manual. | 
treatment of basic physical principles is adequate althp 
one might sometimes have hoped for a little more (a) 
difficulty in a book which has such extensive terms of & 
ence). The reviewer recognizes that anyone coming td) 
the book will already have some basic knowledge of ply 
and will be able to see how the technology is built on 
foundations. |) 
It follows that the author has provided a sound and 
foundation for nondestructive testing regarded as a bran} 
applied physics or even as a technology in its own right. |/ 
price? This could be a deterrent but not to seriously inv#) 
students and certainly not to libraries, individual practitiow 


or teachers, and there will or should be some more o} 
latter. 
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Abstract 


|) text describes a viscometer suitable for making 
itive measurements over a wide range of viscosities and 
|r a temperature range of 20° to 600° c. The viscometer 
jalibrated with standard liquids and has been designed 
jticularly for low melting point metals. The operating 
|miques and sources of error are discussed. An empiri- 
| equation relating viscosity to the variable parameters 
iven and results of experiments on lead are included. 


Introduction 


{ EVERAL problems must be overcome before satisfactory 
measurements can be made of the viscosities of liquid 
metals. The viscosity is usually of the order of a few 

)tipoises and thus a fairly sensitive piece of apparatus must 
ised. Very large errors often arise from solid oxide film: 
fe are generally most troublesome in apparatus where 
viscosity is measured either by the damping of an oscilla- 
ij; pendulum or in apparatus of the Couette type. When 
flow through a capillary tube is used to determine the 
Josity there is the disadvantage that oxide will block or 
tially block the capillary tube. 
‘he apparatus described in this paper was designed 
narily to overcome the problems associated with oxide 
1s. The variable geometry of the apparatus allows a wide 
ze of viscosities to be measured. Although organic 
vids were used only for calibration of the apparatus it 
jild appear to be suitable for measurements on a wide 
iety of these liquids. 


r+ ee A 


‘— 


Principle 


‘he apparatus (British Patent Application No. 22669/59) 
‘wn diagrammatically in Fig. 1 consists essentially of a 
m which may be rotated inside a metal tank. The flat 
|-faces of the drum are in light contact with the sides of 
‘tank and the bottom of the drum is separated by only a 
ill clearance from the bottom of the tank. Thus the 
ingement makes effectively two compartments joined by 
arrow duct below the bottom of the drum. 

Vhen the drum is rotated about its horizontal axis, liquid 
lragged through the narrow duct and a head of liquid 
lds up in one compartment: this head forces some of the 
tid to flow back through the bottom half of the duct. A 
per lightly pressed against the top of the drum prevents 
tid being dragged across from one compartment to the 
er. A measure of the viscosity of the liquid is given by 
‘equilibrium head of liquid produced when equal volumes 
unit time are flowing in opposite directions through the 
1% 


. 
’ 


Now at Tube Investments, Research Laboratories, Hinxton 
i, Cambridge. 
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low melting point metals 


D. M. COTTINGHAM,* B.Sc., The General Electric Company Limited, Central Research Laboratories, 


liquid metal 


Fig. 1. Diagram illustrating the principle of the viscometer. 


Construction of the apparatus 


Mild steel was used for all the major components of the 
apparatus since it is corrosion resistant to bismuth, one of 
the metals being studied, at temperatures up to about 500° c. 

Conventional lubrication of the interface between the end 
faces of the drum and the tank was not possible and to reduce 
friction the drum was faced with graphite. Graphite is 
compatible with bismuth but the coefficient of expansion is 
much less than that of mild steel. Thus as the temperature 
of the apparatus increased a small gap developed between the 
sides of the tank and the graphite end-faces of the drum. To 
compensate for the expansion of the tank the scraper was 
constructed with a tenon joint which was expanded by means 
of a blade spring. The springs within the tank were made 
from either tungsten sheet or wire to reduce corrosion and to 
ensure good creep properties. The graphite scraper was 
lapped in to follow the contour of the drum by running the 
apparatus for a few hours at the desired temperature. 

Since it was essential that the apparatus should not distort 
asymmetrically when heated, all the steel used for construction 
was first skinned and then fully annealed before final machin- 
ing and grinding. The apparatus was made sufficiently 
massive to reduce creep to a minimum and to increase heat 
conduction round the tank thus reducing variations in 
temperature to a minimum. 

Figure 2 shows a cross section of the apparatus. From this 
it will be seen that the drum is supported on a shaft which 
rotates in ball-race bearings. These ball races are set 
eccentrically in the bearing housings and the latter may be 
rotated in the end pillars of the apparatus. Because the 
shaft is eccentric relative to the bearing housing, rotation of 
the latter causes the shaft to be either raised or lowered 
relative to the bottom of the tank. The drum is keyed to 
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the shaft which is driyen by an electric motor through two 
reduction gears. Above the drum is the graphite scraper 
and it is held in contact with the drum by means of the two 


Ho 
i 


nn 


Fig. 2. Diagrammatic section of the rotating drum viscometer. 
Scale: 1 cm = 1-25in. 


compression springs. On either side of the tank are shown 
liquid-metal seals which prevent liquid metal leaking out of 
the tank if the graphite drum faces become worn. 

The tank is heated by a 2-3 kw tubular strip element fitted 
to the sides of the tank, and a thin element similar to the type 
used in a domestic iron is clamped to the bottom of the tank. 


driven gear 


bearing housing 


pillar 
shaft 


scraper guide 


probe 


Fig. 3. Diagrammatic representation of the ae drum 
viscometer. Scale: 1 cm = 1-25 in 
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The top face of the tank is thermally lagged with ins| } 
material. 

The levels of the liquid metal within the tank are me| t 
by probes the positions of which are indicated in Figs f))j 
Each probe consists of a tungsten rod which is brazed} 
steel rod. The latter passes through a neoprene O-rijg 
seal in the probe support. The probes are thus elec} 
insulated from the tank. The level of the liquid m 
determined by a simple electrical circuit which is det) 
in the next section. | 

The base of the apparatus and upper portions of the})) 
supports are water-cooled and the shaft is air- coal 
its ends. i 


Method of operation iP 


The desired gap between the drum and base of the +}) 
set by rotating the bearing housings. Angular displaca}) 
corresponding to changes of gap of 0-001 in. are marl 
the bearing housings. The probes are lowered slowl ali 
their pointed ends just contact the surface of the liquid jj 
This completes an electrical circuit and an indicato# 
lights for each probe. Cursors which are attached | 
upper ends of the probes are set to zero on their accomps 
measuring scales. The electric motor is now switched if 
the speed of rotation of the drum is adjusted to the slo 
six set speeds. The probes are next moved until they 
are again just in contact with the metal surface. Afte 
minutes a check is made to see that the readings indicati 
constant and that the liquid metal has reached its equilii 
height. The displacements of the probes from zen ) 
measured and added together to give the head of liquid 
corresponding to a given gap, speed of rotation, and te it 
ture. The probe measurements are repeated for thet 
five speeds and then the gap is altered and the cyl 
measurements begins once again. For gaps in 7 ; 
0-005 in. each cycle requires about fifteen minutes. f 
gaps may require up to several hours to complete hell Cc 
measurements as some time is required before the 
reaches its equilibrium head for a given speed. 

, 
1 


Measuring devices and errors 


The speed of the motor and hence the rotational spel 
the drum is measured by a stroboscopic disk illuminat 
mains frequency. The motor speed is controlled elect 
cally and is constant to within 0-1% of the set sj 
Fluctuations in the mains frequency can be as much a! 
and so errors in the rotational speed of the drum are of 2 
the same value. The head of liquid can be measured > 
accuracy of 0:1 mm and one of the largest sources of | iI 
comes from this measurement; but these errors are aver}, 
out on the graph of head of liquid plotted against speed i 
a specimen graph is given in Fig. 4. | 

Although the apparatus is designed to measure viscoil’ 
between one and more than a thousand centipoises iti 
also measure accurately very small changes in viscosity. ] 
final derived viscosity is a graphical solution of a , 
50 readings using eight or more duct sizes. 

The temperature of the liquid metal is measured 
thermocouple in the centre of the bottom plate of the 
about 0-01 in. from its upper surface. At the melting > 
of bismuth the thermocouple recorded 271° c and thus 
would appear that the accuracy of the temperature meas 
ments is within 2° c 

One possible source of error is the decrease in gap betvés 
drum and tank caused by the thermal expansion of vart 
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ts of the apparatus. The gap heights marked on the 
aring housings were determined by means of a dial gauge 
d feeler gauges with the apparatus at room temperature. 
: 450° c the zero error is about —0-009 in., but this error 
n be estimated fairly accurately by analysis of the results 
tained with various gap widths. 
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that of the standard liquid. An example of these plots is 
shown in Fig. 5 where the results for lead at three different 
temperatures are given. 

Acetone was used to standardize the apparatus and the 
viscosity of methyl alcohol was measured relative to the 
known value for acetone. The results are in close agreement 
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Results 


e empirical expression relating viscosity 7 to the 
ference in head H of fluid between the two chambers, the 
‘ght of the gap clearance D, the density of the fluid p and 
; speed of rotation of the drum S is 
| kas 


Fa) + Kp. (1) 


This expression holds for wide variations in operating 
iditions but its limitations are discussed in the next section. 
is found to vary with the gap height, but it is approximately 
o for large gap heights. 

Zor any particular value of D the head of liquid A is 
itted against the speed of rotation of the drum S as in 
4, 

The slope of each line for a particular gap is given by 


| dH _ Kin (2) 


j3y plotting dS/dH against D a straight line is obtained of 
dient G = p/K 7. 

sing subscripts ‘s’ for the standard liquid and ‘m’ for 
‘tal whose viscosity is to be measured, 


G 
| = fn n,. 3) 
‘Thus the viscosity of a liquid may be determined by 
inparing the slopes of the plot of dS/dH against D with 


150 200 250 


t Rotational speed of drum S Crev/min) 


Fig. 4. Results for lead, 393° c. 


with those published in International Critical Tables as shown 
in the table below. 

The apparatus was further tested with pure lead and 
bismuth. The results for these metals are given in the table 
and for lead they agree very closely with the published data. 
Previously reported values for bismuth show a wide scatter 
and our results are about 70% above those of Sauerwald and 
Tropler (1926), but the slope of the graph of viscosity against 
temperature is approximately the same as that given by these 
authors. 


Table showing measured values of viscosity of some liquids 
and values from International Critical Tables 


Temperature N (measured) N (tables) 
Liquid Ge) (cP) (cP) 
Acetone 20 Standard 0-325 
Methanol 20 0-567 0-576 
Bismuth 368 2°3 1-47 
Bismuth 404 2°25 1-35 
Bismuth 440 2:06 1:30 
Lead 342 2:56 IT fe) 
Lead 38 2-36 2°37 
Lead 440 en Dales 
Discussion 


For Eqn (1) to be satisfied the conditions of the experiment 
must be such that the flow through the duct is laminar. With 
a gap of 0:020in. tests suggest that some transition from 
laminar flow to turbulent flow occurs with lead at a drum 
speed of 150 rev/min, and for these conditions the Reynolds 
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number defined as DSp/y is 1300. This breakdown is 
illustrated in Fig. 4 where it may be noted that the rotational 
speed of the drum for transition to occur increases as the gap 
decreases. At least the first four points on the curve for any 


for gaps below 0-004 in. the error would be unaccep 
In the measurements on lead only the results for gap 
of 0-005 in. upwards have been used and these are pile 
in Fig. 5. The points fall very nearly on straight line a 


18 
16 
4 
‘e 1:2 1 
2 10 
° Bs [wae | 
8 oh Zero 
x= Temp. error 
0-6 x 400° 0:009in. 
© 393° 0-:00825in. 
© 342° 0-00775in. 
0-4 
02 


0) 2 4 6 8 10 


Fig. 5. 


gap height lie on straight lines, which indicate laminar flow. 

It may be noted that the extrapolated line for any given 
gap height does not cut the axis of ‘rotational speed of drum’ 
at zero and the intercept gives the term K, in Eqn (1). 
Furthermore as the gap decreases the K, increases. A possible 
reason for this shift is that the scraper does not quite prevent 
all the liquid carried through the duct from returning over 
the top of the drum. For large gaps relatively large volumes 
of liquid are passing in both directions through the duct 
below the bottom of the drum, and thus the error due to the 
small amount returning between the scraper and top of the 
drum is small. But this error increases as the gap height 
decreases and Fig. 4 shows that with the present apparatus 
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16 18 20 22 a4 


\2 14 
Capillary duct size (103 in.) 


illustrate the reasonable accuracy obtained from the in} 

ment. The graphs show the effect of temperature or 

viscosity of lead as measured by the viscometer. 
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Abstract 


the basis of the principle of minimum potential energy, 
\chanical forces in electrically stressed dielectrics have 
nn derived. These forces are appreciable in strong 
ctric fields. A brief discussion is given with particular 
jerence to their effects on the dielectric breakdown. 


have so far received very little attention. The 
purpose of this paper is to show that these forces, 

ich tend to reduce the potential energy in an electrically 
jssed system to a minimum, are appreciable in strong fields 
| that their effects on dielectrics are of some importance. 


1. Introduction 
; Eee forces in electrically stressed dielectrics 


2. Mechanical forces and their effects 


n an electrostatic system the forces of electric fields tend 


jerence between charges irrespective of whether constant 
ges or constant voltages are applied. This is the principle 
) which the derivation of mechanical forces in electrically 
jsssed dielectrics is based. For mathematical simplicity it 
jassumed that the dielectrics under consideration are 
tropic and linear, that the initial charges in the system are 
vd, and that the mechanical work is done at the expense of 
' stored energy in the field. Heat losses and other effects 
has thermal agitation and gravitation are ignored. Thus 
| change of stored energy U in the electric field due to the 
‘roduction of a dielectric body of volume v and permit- 
ty €, into a dielectric medium of permittivity e, can be 
‘culated by the following equation (Stratton 1941): 

| 


Y= +] le aa €,)E,E,dv 
» 


(1) 


ere E, is the field strength in the region of the dielectric 
dium where the body is subsequently introduced and E, 
hat in the body itself. The stored energy in the field is 
teased when U is positive, and increased when it is 
jative. Using this equation, mechanical forces are derived 
{ their effects described together with quantitative indica- 
1s of their significance. 


. The forces acting on the boundary between two dielectrics 


\t the boundary between two dielectrics the electric flux is 
ally refracted, and the tangential components of the field 
ngths in dielectrics | and 2, E,, and Ey, as well as the 
mal components, E;, and £},, follow the relationship 


on dielectrics 


Engineering Company Limited, 


where €; and € are the permittivities of dielectrics 1 and 2 
respectively. 

From Eqns (1) and (2) the decrease in stored energy due to 
the expansion of a small volume dv of dielectric 2 into 
dielectric 1 for the tangential component of the field is 


dU, = Hen — €)E\ Pav. (4) 
Thus the force acting on the boundary is 
dF, = V(dU,) = He — €\) VE; dv. (5) 


Since dF,/dv = VP,, the mechanical force per unit area or 
mechanical stress due to the tangential component of the 
field is 


(6) 


Similarly it can be shown that the mechanical stress due to 
the normal component of the field is 


€;) 


P, =e, — €,)E\,2. 


ne pp ee 


Py a EAa?: (7) 


€2 


These mechanical stresses, whose directions are normal to 
the boundary, tend to cause the dielectric having higher 
permittivity to move into the space occupied by the other. 

Most dielectric materials used in insulation systems have 
relative permittivities ranging from 1 to 8. Some typical 
magnitudes of these mechanical stresses in practical cases are 
given in Table 1. Liquid or solid dielectrics are generally 
able to withstand intrinsically an electric stress of several 
Mv/cm for a short period of microsecond order, but may not 
be able to resist a mechanical impact of about 10 times 
atmospheric pressure which may easily occur, as indicated 
in Table 1, when subjected to transient overvoltages such as 
lightning or switching surges. 


Table 1. Some typical magnitudes of mechanical stresses 
Permittivity Tangential field Stress Normal field Stress 
€1/€0 €2/€o E\t(mv/em) Px (lb/in2) E,n(Mv/cm) Py (lb/in2) 
4 8 1 DEY 1 [Poke 
4 8 2 102-8 2 ayo 
2D 8 1 38-4 1 9-6 
2 8 D, IS34@ 2s 38-4 


eo is the permittivity of free space. 


2.2. The force acting on conductor surfaces 


Since the electric flux is normal to the conductor surfaces, 
there exists a Coulombic force tending to push the conductors 
with charges of opposite polarity together. According to 
the principle of minimum potential energy the mechanical 


stress P, acting on the conductor surfaces is equal to the 


Fie ©: (2) energy density stored in the field. Thus 
€1 Fin = €2E on (3) P, = teE? (8) 
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where E is the field strength and ¢ is the permittivity of the 
dielectric. 

This mechanical stress will result in a compression of the 
dielectric and its effect on the breakdown strength of solid 
dielectrics has been reported by many investigators (Cooper 
and Wallace 1953, Stark and Garton 1955). or example, 
a dielectric such as a plastic material having relative permit- 
tivity of 4 stressed at a field of 2 Mv/cm may suffer a com- 
pressive pressure of 102-8 1b/in?. This pressure, which 
increases proportionally with permittivity and the square of 
the field strength, may be sufficient, especially under transient 
overvoltage conditions, to cause reduction of thickness or 
fracture of the insulation, followed by dielectric breakdown. 


2.3. The force elongating a bubble or a globule 


A small bubble of gaseous or vapour phase, or a globule 
of liquid phase in a fluid dielectric always takes on a spherical 
shape due to surface tension. As the field strength inside a 
spherical bubble (or globule) is 


3€, 
2€, + €2 


the change in stored energy due to the presence of a spherical 
bubble of permittivity €, into a fluid dielectric of permit- 
tivity «,, from Eqn (1), is 


FE" 3(€> — €1) 4 3 

Us 2 ie + €) \ (ber ) 
where r is the radius of the bubble and £; is the field strength 
in the region of the fluid dielectric which the bubble subse- 
quently occupies. It is assumed that a spheroidal shape is a 
good approximation to that into which a spherical bubble 
may be expected to deform, and that the volume of the bubble 
remains unchanged whilst its shape deforms from a sphere 
into a spheroid. As the field strength inside a spheroidal 
bubble (Bottcher 1952) is 


(9) 


= 


(10) 


€} 


Ey Bs 
ee — (ey — 6)! 


(11) 


the change in stored energy due to the presence of a spheroidal 
bubble, from Eqn (1), is 


he Sil 


«\E; 4 
U. = i) 
< yy te = (€ a =a} (ber 


jie ab? ¢© ds 3 
2 Jo (s + a?)3/*(5 + 67)’ i) 
2a and 2b are the lengths of the principal axes of the spheroidal 
bubble, axis 2a having the direction of the electric field, and s 
is the parameter of a family of spheroids all confocal with the 
bubble surface s = 0. 
From Eqns (10) and (12) the work done at the expense of 
the stored energy for the bubble deformation is 


€,E,? (e, — €,)*(1 — 3G) 3 

2 (2e; + e,){e, — (E, — aa” ). 
(14) 

It is obvious that for U > 0, G is less than 4, which corre- 

sponds to a prolate spheroid, that is, a spherical bubble will 


elongate in the direction of the field. To calculate the force 
for bubble elongation, it is necessary to know the decrease 


(12) 


where 


U=U.—U,= 
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in stored energy when a sphere is only Slightly deforn |b 
elongation of the major axis from the original 2r to 2(r | 
Since i) 


P= ap i| 
a=r-+da | 
b? 3da 

Hence eae oie 
a r 


the terms of higher powers in the binomial expansion 


ignored. Integration of Eqn (13) and substitution of Eq} ? 
into it give 
I fafa | 
Gea aes 1 
3 r 


Substitution of Eqn (18) into Eqn (14) gives the decred} 
stored energy due to a bubble with its major axis ext; 
from 2r to 2(r + da) 


Fiber: (23 
mr€ ee 


oy, E,?da. 


Thus the elongation force is 


dU 
da 


a5 2 
= 617, ( eS ED 
mere 1 


F, = 


The elongation force depends on the size of the b 
irrespective of whether the permittivity of the bubble is © 
or smaller than that of the fluid. For example an air bi 
of radius 1 micron formed in transformer oil whose re} 
permittivity is about 2 will suffer an elongation force pel 
area of about 13-6 lb/in? at a field of 1 Mv/cm. This | 
is sufficient to overcome the surface tension of the bubbl| 
to cause bubble elongation. Kao and Higham (1961)} 
suggested that the breakdown of liquids commences i 
bubble when its elongated axis and voltage across i 
suitable. It was observed in the author’s laboratory t 
transformer oil the field needed to elongate an artificidh 
bubble is much higher than that needed to elongate a 
globule, as expected from Eqn (20). 


2.4. The dielectrophoretic force 


Dielectrophoresis is defined as the motion of particles 
non-uniform field depending only on the forces produce 
the polarized particles. The dielectrophoretic force ten 
draw the particles whose permittivities are higher than 
of the dielectric medium from the weak to the intense |i 
and eject those of lower permittivities from the intense tH 
weak field. On the assumption that the particles are sphe 
in shape, the change in stored energy due to the presence} 
spherical particle of radius r and permittivity €, in a dield 
medium of permittivity €,, stressed at a field E,, cab 
calculated by Eqn (10). Thus the dielectrophoretic fort 


F. = Ymre, (52 —* = = E,?. 
: : 2, + €2 ; 


i 


sphere of infinite radius. The field strength or vor 
gradient at a distance A from the centre of the electrode 


+) US 


Eee sulted biol fe: = & ). 


hs 2e, + & 


is force will be opposed by a viscous drag which, according 
the Stokes law, is 67rv, where 7 is the viscosity of the 


(23) 


dium and v is the velocity of the particle. Hence the 
ocity of the particle in such a field is 
nh 4r2¢, RV 2 Spy HS 
v= : ) (24) 
i 3nh 2€, + €) 


d the time required for the particle to travel from a 
|tance h/ to the electrode surface is 


(25) 


7 H(h® — R®) 2€, + €> 
spemey ak (5) i ) 


/ 


‘tr a spherical electrode of radius 2 cm immersed in trans- 
mer oil whose viscosity is 37 centistokes, some typical 
|velling times of particles under various conditions are 
‘renin Table 2. It can be seen that some particles may take 
is than | ms to travel 1 cm, but some may take more than 
| minutes depending on the field strength and the size of the 
Iirticles. This indicates that the severity of the dielectro- 
oretic effect depends on the duration of the applied field. 
| impurities migrated to the intense field may initiate 
Jxization or cause bubble formation, it should be expected 
jit the breakdown strength of transformer oil under impulse 
iltage conditions is higher than that under continuously 
Jessed conditions. The dielectrophoretic effect may, on 
4/2 other hand, be used to produce pumping action of non- 
jnducting liquids, to cause separation of the components in 
fspension in a fluid dielectric, to cause precipitation, or to 
foduce mixing (Pohl 1958). 


| able 2. Some typical travelling times of polarized particles 
t (s) t (s) 

h(cm) for Vi; = 100 kv for V; = 1000kv 

| 3 745-00 7-45 

0-01 4 4510-00 45-10 

| 5 17400-00 174-00 


i/e9 = €2/€0 r (mm) 


0-0745 
0-451 
1-74 


3 7°45 
0-10 4 45-10 

5 174-00 
0-000745 
0-00451 
0-0174 


0:0745 
0-451 
1-74 


S 
n B&W 


2.5. The electrostriction force 


Electrostriction is defined as the elastic deformation of 
‘dielectric under the force exerted by an electric field. 
dielectric can be imagined to consist of dielectric particles 
iolecules) uniformly distributed throughout the vacuum 
ace. Thus the internal field acting on such particles is 
gher than the apparent or measured field strength E by an 
nount resulting from the polarization field of the polarized 
electric particles. This internal field (Bottcher 1952) is 


oie (26) 
3€9 


i 


here « and € are the permittivities of the dielectric and 
cuum respectively. From Eqn (1) the decrease in stored 
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energy per unit volume due to the presence of such particles 
in the vacuum space is 


du, iat CAN oes (Gian = 2)(€/€g = 1) 


dv 2) 3 (27) 
Hence the electrostriction force per unit volume is 
jie €g(€/Eg + 2)(€/Eeg — Doe? (28) 


6 
and the mechanical stress tending to contract the dielectric is 


_ €/eo + Zen — I) 52 
- 4 


Ps (29) 

It is obvious that in a uniform field there is no translational] 
force, but in a non-uniform field this force will tend to push 
the particles (molecules) from the weak to the intense field. 
In gases this effect may be negligible because their relative 
permittivities are approximately unity, but in solid or liquid 
dielectrics this effect may be important under a highly 
divergent field. For example, at a field of 1 Mv/cm the 
mechanical pressure contracting the water whose relative 
permittivity is about 80 is about 13800 Ib/in?. This is an 
extremely high pressure and may be of interest to practical 
applications. 


2.6. The torque orientating a solid body 


If a body is not symmetrical about its centre, it will 
experience a torque tending to orientate itself in such a 
manner that the stored energy in the field will become 
minimum. For simplicity a prolate spheroidal shape is 
chosen to be the approximation to the general shape of the 
solid body, and its principal axes, which follow the relation- 
ship a >b=c, form a rectangular coordinate frame, X 
directing the major axis, 2a, Y and Z the minor axes, 2b 
and 2c. If one of the minor axes is originally in the direction 
of the field, the decrease in stored energy when its major axis 
orientates and causes an angular displacement @, from 
Egns (1) and (12), is 


2mab7« (E> es €)(G, = G,) sin20 


= E;?. 30 
Ur 3{e, — (€, — €)G Hey — (€1 — €2)G,} : ee 
Hence the torque exerted on the body is 
dUy 2mab*€,(€, — €,)*(G, — G,) sin260 _, 
= = > E 31 
L do 3{e, — (€, — €)G,}{e, — (€, — €2)G,} (ah 
where 
ab” ds 
i ine I (s + a)?7(s + b?) 
7 (b/a)* er 
ie way? tees 
iss Wee Oa 
ae OSs7 + {1 — (bfa)}12 (32) 
ab* ds 
sia) [ GEipa) hab) 
DA MOGs Es — (bfa)?}!? 
ACE s (b/a)? 
, 1— {1 — ee | 
T log ; a q = (b/a2y"2 : (33) 
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E, is the field strength in the region of the dielectric medium 
where the body is subsequently present and e, and e€, are the 
permittivities of the medium and the body respectively. 

The torque tends to orientate the major axis of the body 
to the direction of the field and is independent of the relative 
magnitudes of «, and «5. The magnitude of the torque 
depends on the size and the position of the body. It is zero 
when the major axis of the body is perpendicular to the field, 
and is maximum when it is at the angle of 45° to the field. 
The torque exerted on the solid particles may accentuate the 
effect of impurities on the dielectric breakdown, but on the 
other hand, it may be used as a means to determine the 
permittivity of a dielectric sample of known shape. 


3. Conclusions 


The formulae for the calculation of the mechanical forces 
which result only from polarization have been derived. The 
magnitudes of these forces may be appreciable when the 
impressed electric fields are large. The directions of these 


New Books 


Introduction to the dynamics of automatic regulating of 
(London: 


electrical machines. By M. V. MEEROVv. 


Butterworths, 1961.) Pp. xxii +411. Price 100s. 


If a technical book published in the Soviet Union has special 
merit in a particular field or covers a subject not well docu- 
the National Lending 
Library for Science and Technology, Department of Scientific 
and Industrial Research may arrange for its translation and 
publication in the U.K. This book, first published in Russian 
in 1956, is such a work and J. S. Shapiro is the translator. 
Let us say at once that an excellent job has been made by 
both translator and publisher: the text reads without any 
trace of having been translated and the type-setting through- 


mented in the English language, 


out is good, in text, mathematics and diagrams. 


Many automatic systems depend, in great part, on auto- 
matically regulated electrical drives, and generating systems 
depend for effective operation on the close control of output 
voltage and frequency. These types of closed-loop regulating 
systems are discussed in detail by the author and the whole 


matter is laid out logically and clearly. 


There are three basic problems in any automatic regulating 
system and these are concerned with stability, quality and 
Whilst it is well to consider each separately, yet 
there is a good deal of interdependence, and this is brought 


synthesis. 


out very clearly as the text proceeds. 
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forces are independent of the directions of the fields, th B 
either unidirectional or alternating fields will produciji¢ 
same effects. 
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The early chapters deal with the characteristic equa 
and the time constants of the basic components of regul | 
systems: full consideration is given to such items as d.c. 
a.c. generators, d.c. motors, tachogenerators, rotary “a 
amplifiers (amplidyne, etc.), magnetic and electronic amplif 
synchros, etc. Problems of stability and stabilizing de 
and then of quality are next dealt with, after which} 
synthesis of regulating systems is discussed. In all of th 
subjects examples are given and a separate chapter deals ° 
three specific examples, two for governing the speed of ai 
motor under specified conditions, and a third on the vol 
regulation of two a.c. generators connected in parallel o ( 
long transmission line and supplying a load. Sepaf 
chapters are devoted to intermittent regulating systems | 
to non-linear systems. 

As might perhaps be expected all references in the bitf 
graphy are to Russian papers but the text is so complet 
itself that there should be little need to want access to thi 
A list of ten books in English on control systems and pj 
ciples is appended. 

The book was well worth translating into English andj 
consider it should be of great value to practising engineers | 
others concerned with the technology of automatic con! 
engineering and electrical drive systems. 


A. J. MADDOC 
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Abstract 


radiometer for the measurement of near infra-red 
diation in fire research is described. The novel features 
the instrument are robustness, ability to withstand 
|mersion in flames and the absence of windows. 


| Introduction 
car on forest fire has been hampered by the lack 


of a suitable radiometer for use in the field near 
_Xrapidly moving flame fronts and for some laboratory 
{plications. This paper describes an instrument that has 
jon devised to fill this gap and that has been proven over 
jo fire seasons in Australia. 


General requirements 


To collect radiation intensity-time relationships the 
trument is sited in the path of the fire and connected by 
asbestos-insulated cable to a potentiometer some distance 
ay. Readings are taken until the flames reach the instru- 
/nt which is then either withdrawn or left to withstand the 
times. This severe use calls for special design and the 
jteria for a suitable instrument are as follows: 


(i) it should be sufficiently robust to stand up to rough 

j usage and vibration during transport; 

ii) it should be small, uncomplicated and easily set up; 

sii) it should be cheap, since fairly frequent loss or destruc- 

j tion is unavoidable; 

iv) it should be undamaged by exposure to radiation of 

» 0-5 calcm~*s~—! for 15 minutes and by immersion in 

the usual diffusion flames for 5 minutes; 

iv) its acceptance angle should be 180° and the receiving 

4 element should follow the cosine rule of absorptivity; 

vi) its range should be 0-1 calcm~?s~!; 

iii) its response should be non-selective over the wavelength 
range of 0:4—12 p, stable and preferably linear; 

iii) its rate of response should exceed 90% of change in 

10 seconds; 

x) its sensitivity should not be greatly affected by changes 

in air temperature (20—200° c), wind speed (0-7 miles/h), 

wind direction relative to the instrument and the 

temperature of the instrument itself (20-100° c); 

its accuracy should be +2% under laboratory condi- 

tions. A lower accuracy is satisfactory for field work 

where conditions are very variable, the fire intensity is 

constantly fluctuating and the related data such as 

flame height and rate of spread cannot be measured 

very accurately. 


ij 
J 


si 


Description of instrument 


Most instruments already developed (Gergen 1956, Gier 
al. 1951, Lowry 1957, Marshall and MacKenzie 1950, 
j2>Guire and Wraight 1960, Suomi 1954) fail because they 
); not sufficiently robust and cannot be fireproofed conve- 
‘ntly. Also, most need to be shielded against the outside 


f 


/ with windows which must be kept scrupulously clean, 


wes 
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(Gergen 1956, Lowry 1957, Marshall and MacKenzie 1950, 
McGuire and Wraight 1960, Suomi 1954) that are usually 
fragile and costly (Gergen 1956, Marshall and MacKenzie 
1950, Suomi 1954) or of low melting point (Lowry 1957). 
Calorimeters (Butler 1953) could be used but they would not 
discriminate between convected and radiated heat unless 
suffering from many other disadvantages. 

The operating principle of the radiometer devised is novel, 
it being to measure the heat absorbed by two identical planes, 
one of which is subjected to radiated and convected heat and 
the other to convected heat alone. The measurements are 
then automatically subtracted to give an output proportional 
to the radiation intensity alone. 

The planes which receive the heat are faces of two matched 
heatflow meter disks described by Hatfield and Wilkins (1950). 
These are disks (1 mm thick x 1 cm diameter) of a silver— 
tellurium (1 : 2) alloy with circles of copper gauze attached 
thermally and electrically to each planar face. The disks 
are used in such a way that the heat flux to be measured flows 
in through one gauze circle and out through the other into 
a heat sink. A temperature gradient is set up proportional 
to the rate of flow of heat and this in turn generates a pro- 
portional e.m.f. difference between the two junctions, gauze 
to alloy, which constitute thermocouples. The e.m.f. 
difference is tapped by wires attached to the copper gauzes. 

Precautions that should be observed are that the tempera- 
ture of the disks should not exceed 100° c for continuous use 
and 150° c intermittently, that the faces are uniformly exposed 
to, or in contact with, the heat source and sink and that heat 
does not flow in or out of the edge of the disks. 

The details of the radiometer are shown in the Figure. 
The disks A are glued with rubber cement to the bottom of 
two cylindrical holes (0-O0Sin. deep x 4in. diameter) 
machined into opposite sides of a brass sphere. This sphere 
is made in two halves, which are soldered together, and has 
an annular cavity which is filled with water through a small 


SUPPORT WIRE F 


CORK STOPPER C 


WATER 


D 
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hole C stoppered with a cork. The sphere acts as a heat 
sink, minimizes rapid temperature fluctuation and ensures 
that the inner faces of the two disks are essentially at the 
same temperature. If the instrument is heated strongly, the 
water boils, ejecting the cork and, for a considerable time at 
least, prevents the temperature from exceeding 100° c. 

There is an air space around the edges of the disks but the 
shields D, which lie in the plane of the outer gauze of the 
disks and almost touch them, prevent radiation from falling 
on the edges. 

The inner gauzes of the disks are electrically connected by 
a wire running along a groove E cut around the sphere. 
Wires connecting the outer gauzes to the potentiometer also 
run along the groove past the instrument support F. 

The disk intended to absorb the convected and radiated 
heat, and which consequently is pointed towards the flames, 
is painted with ‘Blackboard Black’ paint produced by 
Taubmans Pty. Ltd., Australia. The absorptivity of this 
paint even after misuse and rubbing is 90-95 % as determined 
by comparison with a thick (0-2--0-5 mg/cm?) coating of fine 
carbon black deposited from a small camphor flame. 
Kozyrev and Vershinim (1959) have shown that such coatings 
have an absorptivity of 95-98%. In field work, the coating 
is renewed when necessary but care must be taken to ensure 
that the paint is dry before use. The radiometer receiving 
face is also coated with a similar deposit of carbon black for 
most accurate measurements. 

The disk intended to absorb only convected heat is covered 
with a circle of bright aluminium foil stuck on with high 
melting-point grease such as silicone stop-cock grease. The 
absorptivity of the foil is less than 5°% and when eventually 
dirtied it can be replaced easily. Normally, the face is 
shielded from the radiation of the fire by the physical obstruc- 
tion of the sphere but the foil is used because, in some cases, 
there may be some flame or hot material within its angle 
of view. 


Calibration and recovery 


The instrument was calibrated using a constant-flow water 
calorimeter as used at the Fire Research Station of the 
Department of Scientific and Industrial Research, England, 
and the Fire Section of the National Research Council of 
Canada. This calorimeter was coated using a camphor 
flame after painting with ‘Blackboard Black’ paint as a 
double check to ensure complete absorption. The tempera- 
ture rise observed when subjected to radiation was equalled 
by heating with known electrical power. 

The calibration of the radiometers is almost linear and the 
outputs approximate 18 mvcal~!cm?s. The reproduci- 
bility of the calibration was found to be better than +2% 
and even so errors could have been largely introduced by the 
auxiliary equipment. 

The speed of response is high for a field instrument, being 
10 seconds for 95% full scale when using a stepwise increase 
or decrease of radiation of 0:1 calem~?s~!. 

Within the experimental error the carbon black and the 
paint used on the radiometers were found to follow the cosine 
law as shown in the Table. The best source available for 
these checks was a conventional electrical infra-red lamp 
which inevitably introduced errors since rays from it are not 
parallel. 

In still air, the error introduced by heating the instrument 
to 100° c (i.e., 75 deg c above the ambient temperature) was 
+6% at a radiation intensity of 0-1 calcm~2s~—!. When the 
air temperature exceeded that of the instrument by 75 deg c 
the error was +4°% at a radiation intensity of 0-1 cal cm~?s—!, 
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Cosine law 


Angle of incidence, 0 6 Al 36 51 
degrees 
Value corrected for 
angle (cal cm~? s~!) 
Carbon black 0-050 0-050 0:050 0-049 0-052 J 
Paint 0-048 0-048 0:048 0-045 0-051 | 


When winds of 4 miles/h were directed on to the blacijp 
face when it was 10 deg c colder than the air and the }} 
tion intensity was 0-2 cal/em* s the error was —10%. Uj 
the same conditions, the error was +6% if the wind dire) 
was reversed and +1 °% if it blew parallel to the faces. |} 

Errors may soar to 50% under the worst conditions aj} 
example, with a wind of 7 miles/h blowing on to the blac}}p 
face when the temperatures of air and radiometer diff 
75 deg c. This wind speed is rare in forests and the } 
mum temperature difference before the instrument is imn 
in the flame has been found to be 15 deg c. (This figurig 
seem low to those acquainted with large fires but is basi 
many measurements made with specially devised shi 
thermocouples and aspirated thermometer adjacent to) 
flame fronts.) | 

When flames lick the instrument the readings become} 
variable. Unfortunately there did not seem to be any 
to check the accuracy of the instrument under these condi'} 

To summarize the effect of wind and temperature 
errors to be expected in usual field measurements will b 
than +10% and will decrease with decreasing wind, 
wind direction approaching the planar direction oilf! 
receiving faces and with decreasing difference in tempe 
between the instrument and the surrounding air. In nafi 
draughty laboratories, the errors will be less than +2% | 

The electrical resistance of the radiometers construct 
less than 1 ohm. 


Other uses 


In addition to normal use the radiometers have been 
to measure the reflectivity of a variety of pigments, p 
barrier creams, fabrics and metallic foils. The technig 
to apply the material under test to both receiving eleme 
a radiometer; pigment is dusted on to a grease, paintg 
creams are brushed on and fabrics and foils are stuck oni 
grease. Application of the material to both faces ent 
reasonably equal convective transfer at each. The r# 


meter is then used in the usual fashion and the ratio of 


i 
| 


absorption measured to the actual radiation intensity e¢ 
the reflectivity of the material. 
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Abstract 


‘je influence of an electric field on the silver and iron 
jiskers growth obtained by Brenner’s method has been 
ydied. There is a marked directional tendency during 
» growth process, the findings are compared with results 
‘investigation on copper. 


| 


| 


Introduction 


(/F7RHE present work is a continuation of the studies already 
i} published (Hoffmann et al. 1961) concerning the 
‘i influence of the electric field on the copper whiskers 
hwth; an ample list of references was included. 

'n this paper we describe the results of the investigation of 
? influence of the electric field on the silver and iron 
yiskers growth. The experiments have been carried out by 
‘ng the apparatus already described in detail in our previous 
fer. 

‘The silver whiskers have been obtained by hydrogen 
Juction of silver chloride and iron whiskers by hydrogen 
Juction of ferrous chloride. Silver electrodes have been 
).d for production of the silver whiskers and iron electrodes 
» iron whiskers. The distance between electrodes was 
imm. Temperature of the reduction was 800° c for silver 
i 750° c for iron. The applied electric field did not 


‘eed 1000 v. 


{ 
| 
‘fhe results of the investigation may be summarized as 
/lows. 
| Silver whiskers 
i) The electric field has a marked influence both on the 
‘mation and on the direction of the whiskers. 

ii) The whiskers produced in the presence of an electric 
id are longer and more numerous than those obtained 
‘hout field. 

iii) The majority of the whiskers grown on the lower 
‘trode, when the electric field has been applied, are 
nified, sometimes manifoldly (Fig. 1). 

(iv) The majority of whiskers grown on the lower electrode, 
en the electric field is applied follow the direction of the 
d lines. There is no preferred direction of the whiskers 
ywn in the absence of the electric field. 

vy) On the upper electrode whiskers grow, when the 
ctric field is applied, irrespective of the direction of the 
d. During the absence of the electric field no whiskers 
ve been observed. The whiskers on the upper electrode 
low the field lines in more striking manner than those on 
‘ lower boat (Fig. 2). 


Results 
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Silver whiskers on the lower electrode. 100. 


Fig. 1. 


In a few cases the ramification of the whiskers on the 
upper electrode have been confirmed (Fig. 3). 


Fig. 2. Silver whiskers on the upper electrode. » 100. 
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Fig. 4. The iron whiskers on the lower electrode. Notiif} 


Fig. 3. Some ramified whiskers on the upper electrode. » 100. very interesting specimen of the whisker in a form & 
rectangle. 100. 
Iron whiskers 
The influence of the electric field on the growth of the iron 
whiskers is exactly the same as on the silver whiskers; the As far as the electric field is concerned our present fir 

only one difference consists in the fact that the iron whiskers confirm entirely the results of the study on copper. 
grown on the upper electrode are not so numerous, nor so The investigation on the mechanism of the products 
long, as silver whiskers (Fig. 4). the whiskers when the electric field is applied, is in pra 

Conclusions 
Reference 


We conclude that, by applying Brenner’s method, we can 
most easily grow copper whiskers on the upper electrode HOFFMANN, T., MAzurR, J., NIKLIBORC, J., and RAFAEO# 
but that silver whiskers are easier to grow than iron. J., 1961, Brit. J. Appl. Phys., 38, 342. 
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Abstract 


nethod is described for measuring the length of control 
cimens of graphite accurately without placing any 
jance on the condition of the surfaces of the graphite. 

\ specially shaped groove is turned near each end of the 
jm long X 1:25 .cm diameter specimen, and is filled 
jt flame-sprayed Magnox. A technique is described for 
\ducing a high-quality surface on the Magnox on which 
\liamond indentation under microscopic examination 
\ears as a pair of cross wires. 

\/sing the ‘cross wires’ as datum marks, and a high- 
\lity travelling microscope, measurements to an accuracy 
1 in 25000 are readily attainable. Methods are 
jussed for increasing this to a possible 1 : 100000. 


1. Introduction 


iT is a practice in nuclear reactors to include somewhere, 
jusually in one or more of the fuel element channels, a 
(number of specimens of graphite, called control speci- 
#18, Which can be withdrawn periodically and examined for 
ages in physical properties, thus monitoring the condition 
/he whole mass of graphite. 

jraphite, when irradiated, changes its dimensions, and 
irate measurement of the growth of the control specimens 
issential to provide information about the dimensional 
jages of the different parts of the moderator. 

jrowth is usually measured by what is potentially an 
jemely accurate method. A one inch growth cube, 
‘thined and ground to optically fine limits is measured by 
‘parison with slip gauges on a Sigma comparator. 
jisurement to an accuracy of 1 : 250000 is possible by this 
‘hod, but it has the following disadvantages: 


|) Since graphite is transferred from a surface in one part 
‘he reactor to another at a different temperature, using 
yon dioxide as a carrier, a build-up or a reduction of 
yhite can occur on the finely worked surfaces, giving a 
2 indication of dimensional changes. 

i) The preparation of the specimens is very expensive. 


he following method of measuring the change in length 
3 not involve the use of the end faces, and an accuracy of 
15000 is obtainable. 


| 2. Description of the method 


. 
he simplest method of measuring the change in length of 
ecimen, is to measure the change in the difference between 
datum points near the extremities of the specimen using 
avelling microscope. The specimens are 10 cm long and 


‘oL. 12, NovemBerR 1961 


637 


[ethod of measuring the growth of a control specimen 


P. A. E. CROSSE and W. L. SNOWSILL, B.Sc., A.Inst.P., Central Electricity Research Laboratories, Kingston 


1-25 cm diameter, so that for the orders of accuracy required, 
measurements to 1 micron are necessary. 

Since the surface of graphite is likely to deteriorate during 
prolonged service in the reactor for the reasons mentioned 
earlier, it is not practicable to cut datum marks in the graphite 
itself. A better method is to prepare metal surfaces on the 
graphite and to place datum marks in them. The metal 
must be compatible with Magnox and must not absorb 
neutrons. This is the principle of the new method and the 
metal chosen is Magnox itself. 

A groove is cut into the specimen at each end, as in 
Fig. l(a). Pure Magnox is flame-sprayed into the groove, 


Fig. 1. (a) Specimen before spraying. (b) Specimen after 
spraying and machining. 


until the ring so formed is larger in diameter than the speci- 
men. This ring is finely turned using a diamond cutting 
tool, and the turned surface then rolled using a polished 
stainless steel roller. The surface produced by this method 
does not exhibit the usual furrows produced by turning on a 
lathe, even under a microscope at a magnification of 100. 
As is seen in Fig. 1(b) the diameter of the ring after turning 
is less than that of the main body of the graphite to reduce 
the likelihood of surface damage in handling. 

Each of the above processes needs to be carried out in 
clean conditions to prevent contamination of the graphite. 
While this presents no difficulty as far as the diamond 
indenting is concerned, care is necessary in the flame spraying 
operation. Exhauster fans which are required to remove 
the excess magnox dust, create draughts which tend to 
introduce contamination. It is also possible for impurities 
to enter via the gases supplying the flame gun. This latter 
is minimized by using well filtered compressed air and fresh 
cylinders of oxygen and acetylene. Most of the impurities 
introduced by the flame spraying process are removed in the 
final machining when the diameter of the specimen is reduced 
by a further | mm. 

Four pyramidal indentations are then made in each ring, 
equally spaced around it, using the diamond conveniently 
available in a Vickers hardness tester. The diamond marks 
on each ring are aligned to enable them to be used as datum 
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marks for length measurement, four being required to provide 
a check on warping of the specimen. The Vickers hardness 
tester is loaded to 15 kg so that the indentations are deep 
enough to reduce still further the possibilities of damage 
during handling. The pyramid shaped indentations, under a 
microscope with suitable illumination, have the appearance 
of cross wires, but in a very much more precise form than is 
possible using scribing techniques. 

The distance between pairs of ‘cross wires’ is measured 
using an accurate travelling microscope, with a magnification 
of x40. This has a micrometer adjustment calibrated in 
10-micron divisions, with a vernier scale enabling measure- 
ment to 1 micron. A limitation of the standard microscope 
is the difficulty of aligning the normal cross-wire graticule on 
the extremely fine diamond impression. This has been 
improved by replacing the standard graticule with one 
consisting of a pair of parallel wires, nominally 100 microns 
apart. A reading is taken by aligning the wires so that they 
evenly straddle one of the diagonals of the diamond impres- 
sion (see Fig. 2). By this method independent operators can 
repeat readings to an estimated 0:5 micron on the vernier. 


diamond 
impression 


sample 
axis 


Fig. 2. Appearance of datum marks under microscope. 


It can be seen that placing a ring of one coefficient of 
expansion in a groove of a material with a different coefficient 
of expansion may lead, when the temperatures rises, either 
to stress in the materials or to loosening of the ring, unless 
the groove shape is so designed to prevent this. It is 
important that the ring should not become very loose because 
this would allow graphite to be deposited on, or removed 
from the groove by the process discussed earlier. It would 
also be possible for graphite dust to collect in the spaces. 

The correct groove shape has been calculated theoretically 
with reference to Fig. 3 as follows. The following assump- 
tions have been made: 


thin ring of 
magnox 


/ 
x | 
ae oe ae eee eee 


Fig. 3. Development of groove shape. 


Magnox, in the sprayed form, is isotropic with a coefficient 
of expansion «. Graphite is anisotropic, and has coefficients 
of expansion f, longitudinally, > transversely in the plane 
of the paper, {3 transversely normal to the plane of the paper. 
Let @ be the angle between the groove and the normal to the 
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axis, 2a the length of the bottom of the groove, and jj 
radius of the bottom of the groove. | 

Consider a ring of Magnox, radius R +r. The nec|hj 
conditions for the ring to remain in contact with the ip 
walls as the temperature changes are 


_ (a+r tan 6,) (1 + at) — afl + Bd) | 
(R +r) (1 + at) — RU + B20) 


for a segment of ring in the plane of the paper 


tan 6, 


. He Bd 
Leet tan 6, — R( — B>) 

_ ala — By) 
and tan 6, = R@ — B3) 


for a segment of ring in the plane normal to the paper | 

Now, if 8, = 8. = f;, tan 6, = tan 0, =a/R. A 
value for « is 28 x 10~© per deg c between 20° c and 4 
Typical values for B vary between 2-4 x 10-© per | 
parallel to the extrusion axis and 4:2 x 10~° per 
perpendicular to the extrusion axis. In practice, the | 
ence between f,, 8, and f; is sufficiently small com 
with the difference between « and f to say tan 0 = a/| 
the edges of the ring remain substantially in contact | 
temperatures. Obviously, unless 8, = 83; machinin 
perfect groove would be extremely difficult. For speci 
cut with the axis parallel to the extrusion axis, al 
are equal. 


3. Thermal cycling experiments 


Three specimens produced by the above methodl 
heated to 420°c and cooled to room temperature | 
atmosphere of carbon dioxide, twenty times. Each tin 
specimens were kept at the upper temperature for a pert 
approximately 15 minutes, and the heating and cooling | 
took approximately 45 minutes, and 30 minutes respect 

Measurements were taken of the length of the spec 
at the end of many of the cycles, and the maximum var¥ 
on any of the specimens was within +2 microns, i.e. 
length of 10cm, 1: 25000. Possible reasons for the si 
of +2 microns rather than +1, as indicated abovd 
discussed later. Apart from a slight dulling of the Mag 
surface, the specimens were unaltered in appearance, a: 4 
accuracy of setting was unchanged. 


4. Limitations of the method 


Whereas it is possible to repeat readings on a given dias 
impression to within 0-5 micron, the thermal cycling ext 
ments showed that length measurements are repeatable 
to an accuracy of +2 microns. i} 

When the Magnox rings are sprayed on to the gray 
the temperature of the specimen rises to approximately €l 
At this temperature the ring is a perfect fit in the groove, it 
on the sides and the base. Should the temperature rise 
this point, the ring would remain in contact with the sic 
the groove, as indicated in the previous theoretical anai} 
and move away from the base. On cooling below? 
temperature however, even down to room temperatul 
strain is bound to occur. The ring tightens on to the# 
of the groove and relaxes from the sides. The differed: 
expansion coefficient between Magnox and graphite is 
order of 22 x 10~° per deg c which, with an angle 6 =) 
and R = 3 mm gives a differential shrinkage longitudina? 
approximately 3 microns when cooling down to # 
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‘/perature. It is therefore feasible that above room 
| perature each ring will be capable of a movement longitu- 
‘ally of 3 microns giving a possible length error of 
4 microns. In fact this gap is probably reduced due to the 
eral straining of the ring at the base of the groove, so that 
errors produced during thermal cycling could be explained 
the movement of the ring relative to the specimen, when 
The amount of possible movement could be decreased 
|reducing 6 and a, but this in fact impairs the structure of 
ring as many voids are introduced into the Magnox 
ing spraying if @ is less than about 25°. However, it is 
|sidered that the gap involved is sufficiently small to be of 
|consequence as far as graphite transfer is concerned. 
|, further series of tests had been proposed to offset the 
in produced on cooling following spraying. Suggested 
hhods are: 


METHOD OF MEASURING THE GROWTH OF A CONTR 


) the inclusion of a ‘V’ cut or a ‘V’ projection in the base 
ihe groove to locate the ring so that at room temperatures 
ill always return to the same spot, 


| ay metallography. By A. Taylor. (London: John Wiley, 
j 1961.) Pp. vii + 993. Price 216s. 


‘a word, this is a more comprehensive version of the book 
the same author ‘An introduction to x-ray metallography’ 
1. Xi + 400) published by Chapman and Hallin 1945. The 
out bears a strong resemblance to that of the earlier book 
there has been a very extensive revision of the text both 
oring it up to date and to include some new topics not dealt 
h previously. 

[he main theme of the book is the application of x-ray 
hniques to the study of metals and alloys. It is directed 
h to the student reading for a degree and to research 
rkers. Although it is a practical book with a wealth of 
‘ail on the application of x-ray techniques, there is a very 
{ and lucid treatment of the theoretical background to the 
yject. In fact, a feature which will please the serious 
dent is the advanced level to which the theory is taken. 
us, in the section on Crystal Symmetry one finds a logical 
velopment of the subject up to and including the concept 
space groups. Many metallurgical texts contain little more 
na list of definitions here. 

About one quarter of the whole is devoted to this intro- 
ction to crystallography, the generation and properties of 
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(ii) the inclusion of a material in the base of the groove 
before spraying, which is capable of giving sufficiently on 
initial cooling to prevent strain. 


This could increase the accuracy to the maximum possible 
with this method, of +4 micron in 10 cm, i.e. in the region of 
1 in 100000. 


5. Conclusions 


It is possible to measure the length of a specimen of 
graphite to an accuracy of | in 25000 without placing any 
reliance on the condition of the end faces or in fact any 
exposed surface of the graphite. The method would seem 
to be inherently capable of an accuracy of 1 in 50000 with a 
slightly modified groove, and even 1 in 100000 given skilled 
operators. 


Acknowledgments 


This article is published by permission of the Director, 
Central Electricity Research Laboratories. 


x-rays and the principles of x-ray structure analysis. Then 
follows the real meat of the book which we may conveniently 
divide into: 


1. The study of thermal equilibrium diagrams: alloy chem- 
istry, and 


2. The size, perfection and orientation textures of grains in 
polycrystalline aggregates. 


These topics span several chapters. Two of them where 
special attention has been given to recent developments are: 
‘Precipitation hardening, complex alloys, and steels’ and 
‘Internal Stresses in Metals and Alloys’. 

Fluorescence analysis is described with a good deal of 
practical detail in the new chapter on ‘Chemical analysis by 
x-ray procedures’. The electron probe microanalyser receives 
rather brief attention. 

To sum up: this enormous work which makes reference to 
papers published into the late 1950’s and which includes 88 
useful tables in the Appendix, will prove a great asset to the 
research man. The undergraduate who is fortunate to lay 
hold on it will find his searching well rewarded too. Despite 
the price it will prove a worthy rival to other texts in this 
field. Re ea BERL 
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Notes for the Preparation of Papers for the British Journal of 
Applied Physics 


The following instructions refer to the main points which 
have to be considered in the preparation of a paper for publi- 
cation, and authors offering papers to the British Journal of 
Applied Physics for publication are asked to conform to these 
recommendations. 


Manuscripts 


Manuscripts should be typed in double spacing on paper 
not wider than 8in. and not Jonger than 13in. Only one 
side of the paper should be used, and a margin of 1-I+in. 
should be left. As alterations in the text cannot be allowed 
once the paper is set up in type, authors should aim at absolute 
clarity of meaning and of typing, and should check the type- 
script carefully before submission. All manuscripts should 
be submitted in duplicate, and in addition to the fair copies, 
a set of small copies or prints of the diagrams (not larger than 
foolscap) must be attached to each MS. (This enables MSS. 
to be sent to two referees at the same time and so assists rapid 
publication.) 

Abstract. An abstract is printed at the beginning of the 
paper immediately after the title, name(s) of author(s), and 
place of employment of author(s). Two extra copies of the 
‘title and abstract’ page are required for the records. 

Mathematics. It is not necessary to give detailed deriva- 
tions of mathematical expressions and formulae in a published 
paper when the work is straightforward; it is quite sufficient 
to indicate the method of treatment and the final results. 

References. In the text bibliographical references are made 
by giving the name of the author and the year of publication 
in brackets, e.g. (Jones 1942), and details are given in the last 
section, ‘References’, where the references are arranged in 
alphabetical order of authors’ names and in date order for 
each author. 


Drawings 


Drawings should be in Indian ink on tracing cloth, tracing 
paper or white card, with lettering in soft or blue pencil; 
lettering of a size suitable for reduction will be inserted by 
our draughtsman. The drawings should in general be 
sufficiently large to allow of reduction in printing, and the 
lines should therefore be bold; the frame lines of graphs 
should be slightly finer than those of the plotted curves. 

Full details are available in the Institute and Society’s 
‘Notes for Authors’, obtainable from the Editor and Deputy 
Secretary, The Institute of Physics and The Physical Society, 
1 Lowther Gardens, Prince Consort Road, London S.W.7. 

Papers for publication in the British Journal of Applied 
Physics should be sent to the Editor and Deputy Secretary at 
the same address. 
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Annual Exhibition of Scientific Instruments and Appara 


The Annual Exhibition of The Institute of Physics } 
The Physical Society will be held on 15th-19th January, | 
at the Royal Horticultural Society’s Halls, Westmia) 
London S.W.1. The latest developments in British scieij 
equipment will be shown. | 

Further information may be obtained from The Insyj 
of Physics and The Physical Society, 47 Belgrave Sq | I 
London S.W.1. 


Weizmann Memorial Fellowships 1962-63 


The Weizmann Memorial Foundation will shortly | 
four Fellows to spend a year in research in the naj 
sciences at the Weizmann Institute of Science, Rehoy| 
Israel, beginning in the autumn of 1962. These fellows 
are intended for scientists with several years of post-dociy 
research experience. 

Further information may be obtained from the Acad 
Secretary, The Weizmann Institute of Science, Reho 
Israel, and applications must be received not later ° 
Ist December, 1961. 
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NF ERENCEGREPROR TS 


itherford Jubilee International Conference— 


anchester, September 1961 


Abstract 


‘onference sponsored by The International Union of 
2.and Applied Physics, The Royal Society, The Institute 
*hysics and The Physical Society, and The Victoria 
versity of Manchester was held at Manchester between 
4th and 8th of September 1961, in recognition of the 
lee of the discovery of the atomic nucleus by Ruther- 

This arose directly from the experiments of Geiger 
Marsden in Rutherford’s laboratory at Manchester. 
er the presidency of Sir Ernest Marsden a wide 
,e of topics in experimental and theoretical nuclear 
ics was covered by a number of invited speakers. A 
ial commemorative session was included in the 
jeedings. 


| 

,Hysics, despite its forbidding appearance to many of 
Dits students, is a creative human activity and the history 
) of physics is largely a story of the work of great men. 
‘in about a century, four of the greatest in science, 
ely Dalton, Joule, Thomson and Rutherford, lived in 
vity of Manchester. Their work has given us our modern 
‘ire of the atom and ultimately our control of its inner- 
\ energies. The atomic nucleus, in which the most 
Jerful forces of the atom reside, was conceived by Ruther- 
_to explain the scattering of « particles by heavy elements, 
2was proposed in a classic paper of compelling simplicity 
fie Philosophical Magazine for May 1911. Fifty years 
5 the University of Manchester, in which Rutherford held 
aLangworthy Chair of Physics, has marked the jubilee 
me most important concept of modern physics by holding 
-ge International Conference to which, despite its size, 
2 a small fraction of the nuclear physicists of the world 
wi be invited. Among them, most happily, was Niels 
, whose brilliant interpretation of the hydrogen spectrum 
arms of the nuclear atom (1913) originated from his stay 
wflanchester. The Bohr theory of the atom, even more 
i the evidence of radioactivity, forced the nucleus into 
‘ics. 
sie conference was fortunate in being able to appoint as 
e dent Sir Ernest Marsden, whose experiments (with 
er) led immediately to the nuclear hypothesis. The 450 
asates welcomed on the opening day by the Vice-Chancellor 
le University (Professor W. Mansfield Cooper) were drawn 
-. 32 countries and represented many different institutions. 
Yicular aspects of Rutherford’s work were underlined by 
@oresence during part at least of the conference of Sir 
les Darwin, Sir James Chadwick and Sir John Cockcroft. 
yeplying to the Vice-Chancellor the President referred 
ily to his own association with Rutherford and tendered 
“sratitude of the delegates to the University for its hos- 
ity. The meeting was then addressed briefly by the 
mt Langworthy Professor (B. H. Flowers) on the 
+ ties for communication between speakers and audience 
{with no further delay the conference entered upon its 
‘| tific business. This continued from Monday morning 
1 Friday evening, with a break for an excursion to 
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Chatsworth House on Wednesday and for a special com- 
memorative session on the Tuesday afternoon, followed by 
a Congregation of the University. Appropriate Honorary 
Degrees were conferred upon Sir Ernest Marsden, V. F. 
Weisskopf, Aage Bohr and G. Racah, and upon Miss Annie 
Ellis, who worked as a young graduate in Rutherford’s 
laboratory at the beginning of her career in the teaching 
profession. 

The conference was appropriately devoted to nuclear 
physics rather than to elementary particle physics. To the 
possible disappointment of the Local and National Press, no 
new discovery of outstanding interest was announced; the 
addresses were mainly concerned with consolidation of, and 
corrections to, already established concepts. Rutherford, 
doubtless, would have found some of this tedious, since his 
was the heroic age of the subject, but he would have taken 
pleasure in the devotion and enthusiasm of the many young 
physicists who filled the conference hall. Each delegate 
received on arrival a small box file containing about 200 
short contributed papers on a wide variety of subjects, but 
the main presentation of material was by the rapporteur 
method and on the whole individual contributions received 
only sporadic mention. At the conclusion of each group of 
invited talks by the rapporteurs a printed copy of each talk 
became available; these were in existence before the con- 
ference began and, together with the submitted papers and 
discussion, will later form the official record. The invited 
talks, with one or two notable exceptions, were heavily 
biased in the direction of theory and interpretation, but this 
was understandable, since a symposium on Nuclear Instru- 
ments was to follow (at Harwell) on 11th-12th September. 
The difficulties in nuclear physics indeed often arise in 
interpretation and the rapporteurs presented the delegates 
with a series of expert reviews which clarified many obscure 
points. Discussions tended to be short, but nevertheless the 
scientific impact of the meeting was considerable. In the 
following summary the official division of the available 
material into sessions is adopted, although it is not easy to 
draw sharp dividing lines in such a many-folded subject. 


High energy investigations of nuclei (Chairman: J. Cassels) 


Rutherford’s experiments on nuclear transformation 
showed, as early as 1919, how the structure of nuclei might 
be studied, but by the time of his death in 1937 little more 
had emerged in this field than a realization that nuclear 
models must be based on a neutron—proton structure and 
that the forces between these constituents must be strong. 
The detailed properties of these forces can be inferred by a 
consideration of the regularities in the nuclear structures for 
which they are responsible, or, more directly, by a study of 
nucleon-nucleon collisions. It is also possible to predict 
some of the properties from theories of the type first proposed 
in 1935 by Yukawa, in which a 7r-meson is exchanged between 
two nucleons in much the same way that an electron is 
exchanged between two hydrogen atoms in the binding of 
the hydrogen molecular ion. It is now generally agreed that 
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it is useful to consider the force between nucleons as con- 
taining a long range attractive component, effective for 
internucleon distances of about 1-2f, and a shorter range 
repulsive component due to a ‘hard core’ extending over a 
distance of about 0:4f. H. P. Noyes, in an invited paper, 
reminded the conference that the theoretical treatment of 
the long range component of the force, as due to one-pion 
exchange in the sense of Yukawa, was promising but not yet 
complete. The theory of the hard core is far less satisfactory 
and may involve two or three pion exchange or strange 
particles. Only a phenomenological description of this short 
range force can at the moment be given. At a later stage of 
the conference Dr. Noyes described recent experiments at 
Berkeley on antiproton annihilation in a hydrogen bubble 
chamber which had given evidence of a sharp resonance 
between 3 pions at a total energy of 785 Mev. 

The general properties of the nucleon-nucleon force which 
must be explained by any successful field theory are the 
saturation of binding energies of nuclei and scattering and 
polarization cross sections. It is already apparent from the 
experiments that a theory which includes dependence on spin 
and isotopic spin and which contains several varieties of 
non-central force is necessary. Elucidation of these inde- 
pendent contributions by experiments at low energies is 
hindered because the effects are small, and attention must 
be turned to higher energies, at which interaction in several 
states of orbital motion becomes possible. For the energy 
range up to 345 Mev the most extensive interpretation of 
experimental data in terms of one-pion exchange effects has 
been made by Breit and his co-workers at Yale University. 
Professor Breit made some comments on this work, which 
yields reasonable values for the pion—nucleon coupling con- 
stant. It also supports the idea that nuclear forces are charge 
independent, although it would not exclude a deviation from 
independence of the order of 3°%, which was suggested in a 
later session on B decay. Dr. Noyes concluded with a 
survey of some of the theoretical attempts to describe the 
two-pion exchange process. 

The theory of nuclear forces excited so much attention 
that R. E. Peierls led a further discussion on the subject in 
the last session of the conference, which had been reserved 
for topics of major interest. This led to general agreement 
that the nucleon-nucleon interaction must be described as 
far as possible in terms of two-body forces only, permitting 
velocity dependence, and that many body forces should not 
be introduced until some adequate guidance on how to do 
this was available from meson theory. The future of this 
subject is still a long and challenging one both on the experi- 
mental and theoretical fronts. 

The contribution which fast particle scattering from 
nuclei can make to our knowledge of nuclear structure was 
surveyed in invited talks and discussion extending over two 
of the days of the meeting. In the first session H. McManus 
compared electron and nucleon scattering and emphasized 
that for particles of short wavelength high multipole nuclear 
transitions can be excited, since the long wavelength 
approximation of radiation theory no longer applies. The 
main types of information provided are (a) the nucleon 
distribution (from elastic scattering); (6b) the~ quantum 
numbers of nuclear states, particularly those of collective 
motion (from inelastic scattering); and (c) the momentum and 
energy of nucleons in specific nuclear shells (from reactions 
such as p-2p). From the nucleon density distribution and 
from an assumed internucleon force it is possible to calculate 
an effective potential (optical model potential) in which the 
nucleons of a nucleus move. This is a convenient step in 
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the model calculation of nuclear properties, which i 
approach to structure problems that is more tractable} 
less rigorous, than the solution of the many-body prot} 
In the case of inelastic nucleon scattering useful inform; 
can be obtained by measuring the polarization of the scat! 
nucleon, which may in part arise because of direct ‘spin 
of the particle. The experiments, made mainly by obse# 
the angular correlation between scattered protons | 
gamma rays, indicate that this effect is small, at lea: | 
even-even nuclei. The p—2p reaction is particularly aa 
as a check on theories of nuclear structure, as was first si 
at Uppsala, since it determines the binding energy im 
nucleon shells from which the second proton is extra 
This type of experiment has been continued with | 
resolution at Orsay. The effects of distorted waves in } 
experiments have been discussed, but they seem unabjy 
account for an interesting anomaly in the results for °Li 
7Li; here some form of cluster, e.g. (« + d for °Li), sq 
necessary. The predominantly theoretical aspect of | 
subject, which might well have excited Rutherford’s|f 
patience as the first morning wore on, was relieved 
discussion by A. B. Clegg who described simple, Rutherf i 
type experiments made with the Harwell cyclotron. Tl 
very convincingly demonstrate the connection bet 
inelastic scattering cross sections and the nuclear mult 
moments derived from Coulomb excitation or lifes 
measurements. This type of work, together with thal 
the p-—2p reaction, underlines the usefulness of high e i 
(~150 Mev) investigations of complex nuclear structurd) 
distinct from the more familiar techniques of nud 
spectroscopy. | 
The final talk of the first session was by R. H. Dalitii) 
‘Hypernuclei and the hyperon—nucleon interaction’. | 
would be presumptuous here to attempt any summary} 


this expert account of an exciting new subject, but it ma H 
noted if the hyperon—nucleon forces are known, thenf) 
problem of the binding of hypernuclei is just the ] 
problem of nuclear structure. | 


Collective motion in nuclei (Chairman: A. Bohr) 


Although calculations of nuclear level properties based) 
independent particle models have had many outstand 
successes, the collective aspect of nuclear motion is |i! 
evident in the behaviour of nuclei between closed shi 
The forces between nucleons in nuclear matter are q 
necessarily those between nucleons in a free state, and 
order to describe collective motion it is usual to think | 
force of long range, comparable with a nuclear diam t 
together with a force of short range, comparable with 
internucleon distance. The former is responsible 1 


deformations and for large-scale vibrations and oscillatiti 
while the latter acts between like nucleons of opposite : 
and orbital momentum, and is known as the pairing fai 
In an assembly of fermions, pairing forces lead to mome 
states which are in essence just those discussed by Bardlé 
Cooper and Schrieffer in their theory of superconducti 
There results an energy gap between the ground state o 
even configuration of particles and the lowest excited stat 
which a pair of correlated particles have changed their s 
of motion. 

Another aspect of motion in a finite nucleus, perhaps ni‘ 
in the spirit of the shell model than of the collective me 
is the coupling between an excited particle and the hol?) 
the filled shell which it has left. The energy levels arift) 
from this interaction were discussed by G. E. Brown as #! 


{Lit 


{i 
| 
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a general account of the theory of collective oscillations. 
e predictions of this theory have been verified in impressive 
tail in the case of the odd parity states of the nucleus 160, 
which a p particle transfers to the s or d shell. Experi- 
ental evidence for collective oscillations in general was 
viewed by B. L. Cohen, who also showed how in a com- 
nation of shell model states one resultant state is always 
ifted down in energy and acquires a large collective multi- 
le moment. A survey of the main experimental techniques 
c investigating collective states was given; these are 
sentially Coulomb excitation and inelastic particle scat- 
ing; the stripping reaction by contrast excites mainly 
igle particle levels. The experimental evidence on the 
istence and location of 2+, 3— and 4+ levels was sum- 
wized; the 1— level of collective oscillation is well known 
‘the giant resonance of photodisintegration. A picture of 
+ excitation levels of a nucleus such as *8Ni now begins to 
ierge; if examined under high resolution, the fine structure 
‘els of the Bohr theory appear; if examined by the (d, p) 
“ction at low resolution, the reaction cross section is high 
‘the region of single particle levels of a potential well, in 
ich the absorbed nucleon is added just above the Fermi 
iface; if examined by the (pp’) or (««’) reaction the levels 
ficollective oscillation, in which there is a particular phase 
dation between some of the fine structure levels, are seen. 
te successes of the shell model calculation in predicting 
jrational phenomena were, however, not allowed to divert 
» attention of the conference from the collective rotational 
ites. H. E. Gove presented an impressive interpretation 
éthe spectrum of 2°Ne in terms of rotational bands and 
‘ge Bohr, in a good-humoured talk towards the end of 
« conference, emphasized the increasing knowledge of such 
ads in many deformed nuclei as a result of heavy ion 
jitation. The methods of introducing rotational pro- 
@ties into the formal structure of the shell model were 
yeussed by S. Meshkov. More than fifty papers submitted 
} the proceedings testified to the healthy state of the col- 
tive model in nuclear spectroscopy. 


The nuclear ground state (Chairman: R. E. Peierls) 


en one considers the states of a finite nucleus rather 
in the binding energy of infinite nuclear matter, the size 
st shape of the nuclear surface become important nuclear 
jjameters. In a talk which many will remember for its 
blied element of the picturesque, D. H. Wilkinson outlined 
4 reasons for his faith in the existence of a small number 

particles as distinguishable entities in the nuclear skin. 
iny particles are to exist in such a situation there is little 
ibt that Rutherford would have preferred them to be 
ai articles, but it may be questioned whether even he would 
fe sanctioned their postulated role as elements in a recur- 
fly inverting pin-cushion. The more solid grounds for 
§ hypothesis are the frequent observation of « particles 
®cked out of nuclei by high energy nucleons, the 
fimalously high emission rates for certain naturally occur- 
J « emitters and above all the phenomena of K~ meson 
Horption. In this process the tracks observed in nuclear 
ailsions and bubble chambers indicate a high probability 
i. a K~ particle interacts with a correlated pair of nucleons. 
i) interaction cross section is very large, and the process 
ifnfined more to the tail of the nucleon density distribution 
th in the case of the z-meson absorption. These ideas, 
ch were rendered quantitatively, provoked a lively dis- 
‘jion in which at least one speaker felt that the evidence 
‘or than that from K~ studies was susceptible of other 
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equally valid interpretations. Our main knowledge of the 
general outline of the nuclear surface (above which the 
« particles are supposed to extrude) comes from electron 
scattering experiments and from optical model analyses of 
heavy particle scattering data. A summary of many experi- 
ments of the latter type, given by P. E. Hodgson, showed 
how the parameters of a Saxon—Woods potential or a surface 
Gaussian potential could be derived consistently, given 
sufficient information, by parameter searches. It appears 
that weakly-bound bombarding particles such as 3He are to 
be preferred for surface studies, presumably because they are 
unable to penetrate to the nuclear interior, but for this same 
reason such particles do not explore the inner nuclear 
potential. Values for the radius and diffuseness parameters 
of the potentials were given for several different incident 
particles. Similar analyses for a range of proton energies are 
being undertaken by Melkanoff, Nodvik and Saxon. 

If the nucleon-nucleon force is known the binding energy 
in nuclear matter may be calculated using the powerful 
methods developed by K. A. Brueckner. Dr. Brueckner 
remarked during this session that such calculations had now 
been found to be more sensitive to the precise form of inter- 
nucleon force than had been thought and that an interaction 
with a long range tail of the type predicted by meson theory 
should be used. He also gave an invited talk on the momen- 
tum distribution in a finite nucleus. The long-standing 
difficulty of reconciling the apparent existence of single 
particle orbits in a situation in which highly correlated 
motion is expected must now be interpreted in terms of the 
motion of ‘quasi’-particles. These are nucleons with a 
meson cloud which can be shown, as in analogous fermion 
systems such as an electron gas or liquid *He, to fill single 
particle states. The technical details of current approaches 
to the many body problem were discussed in a talk by J. S. 
Bell. This attracted some attention because of the appear- 
ance of many body forces as a result of a somewhat special 
transformation contrived to describe the hard core. 


Direct interactions (Chairman: H. H. Barschall) 


The processes discussed by McManus in the first session are 
closely related to a large body of nuclear reaction phenomena 
usually classed as direct interactions. These differ from the 
compound nucleus type of reaction because the primary 
process is an interaction between the incident particle and a 
nucleon in the nuclear surface. The fifth session of the 
conference (Thursday morning) was devoted to these pro- 
cesses, of which the deuteron stripping reaction is the best 
known and most exhaustively studied. The plane wave 
theory of this reaction, first given by Butler, has permitted 
the deduction of the parity change between levels of nuclei 
throughout the Periodic system, and has given important 
confirmation to the predictions of the single particle shell 
model. Moreover, many different types of reaction have 
been found to proceed by an essentially similar mechanism 
for sufficiently high energies (E ~ 10 Mev or more) and to 
offer similar information. In clear and informative reviews 
of this field, including the papers submitted to the conference, 
J. B. French and H. E. Gove discussed respectively the theory 
of direct interactions and the experimental evidence for the 
phenomenon, but since theory and experiment are here 
inextricably linked, these talks overlapped to some extent. 
Emphasis was placed on the fact that the simplest plane wave 
theory of the process had on the whole given an excellent 
account of many angular distributions and of relative cross 
sections. Distorted wave calculations based on realistic 
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potentials between nucleons and nuclei can now be made 
relatively easily and certainly give a better account of stripping 
phenomena in general, but it is interesting to enquire why 
the plane wave theory works so well. In a comment following 
the invited papers N. Austern suggested that this might be 
understood since the range of energies covered by the experi- 
ments is really not very great, and the interaction radius is 
determined by curve fitting, but it seems likely that the 
complete explanation has not yet been offered. The theory 
of direct interactions involving transfer of two or more 
particles to (or from) the target nucleus has as yet not advanced 
beyond the plane wave stage, but much experimental data on 
reactions such as (7He, p) and (He, n) is now available for 
analysis. Some of these data appear to indicate the occur- 
rence of ‘heavy particle’ stripping, which is one reason for 
the appearance of backward peaks in an angular distribution. 

Inelastic scattering of « particles has received much 
attention in the last few years and the theory of this process 
given by Blair, in which scattering takes place from an 
effectively ‘frozen’ deformed nucleus, was exemplified and 
discussed. It is possible in this theory to avoid the incon- 
sistency between plane wave treatments and the known strong 
nuclear absorption of « particles. The technique has led 
to the identification of an important series of 3~ levels in 
even-even nuclei. 

It was felt by the invited speakers and by several of those 
who contributed to the discussion, that if suitable corrections 
for scattering of the incident and emergent particles were 
included in the theory then excellent agreement with experi- 
mental angular distributions could be expected. Ideally the 
potentials to be used in making these scattering corrections 
should be determined directly by experiments on the unbound 
systems concerned, e.g. by scattering protons from the 
residual nucleus in the case of the (d, p) reaction. Several 
examples of this type of calculation using either observed 
or assumed scattering potentials were presented; the ability 
of the theory to account for the angular distribution in the 
case 2°°Pb(d, p)?°7Pb for a range of deuteron energies from 
8 to 15 Mev is particularly impressive, and gives confidence 
that the distorted wave treatment permits this important 
technique of nuclear spectroscopy to be applied throughout 
the Periodic system. In the discussion W. Tobocman 
illustrated the same point convincingly for light nuclei by 
discussing the correlation of data on the *He(d, p)*He, 
3He(d, d) and *He(p, p) processes. 

One of the consequences of the distortion of incident and 
emergent waves in the stripping process is polarization of the 
outgoing nucleon. L. J. B. Goldfarb reviewed progress in 
this field since the Basel conference on polarization pheno- 
mena and noted the availability of accelerated beams of 
polarized nucleons and deuterons in an increasing number 
of laboratories. The sign of the polarization of the stripped 
protons depends on the spin of the nuclear state concerned 
and on the type of distortion present; it appears that deuteron 
wave distortion is more important than proton distortion in 
most of the cases so far studied. In the special case of 
stripping with / = 0, polarization can be due only to spin- 
dependent forces, which are not usually important in this 
phenomenon, although such effects must be present if the 
observed polarization exceeds 334°%. Observations of the 
spin-dependent type of polarization then determine the spin- 
orbit part of the optical model potential for deuterons 
interacting with nuclei. Reciprocal relations between 
polarization in direct interactions and asymmetries observed 
with polarized beams can also be established. In the dis- 
cussion following this paper, S. T. Butler offered an attrac- 
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tively simple picture of the origin of polarization in a strip} 
reaction. Essentially the observed effect comes from} 
‘sides’ of the nucleus defined by the direction of transfé| 
linear momentum, but the contribution from one si¢| 
attenuated by nuclear absorption more than that fro | 
other, and a predominance of one sign of spin direction | 
results. For small angles the sign of polarization detern| 
j value; for large angles spin dependent effects may be i 
The popularity of the investigation of direct interactions }; 
the present generation of medium energy accelerators }} 
shown by the large number (64) of papers submitted for} 
session. 


Weak interactions (Chairman: M. Goldhaber) 


In opening the Friday session the chairman reminded 
meeting that although Rutherford often expressed a st! 
personal preference for « particle physics, he nevert 
collaborated with Robinson, Chadwick and Ellis to lay 


foundations of quantitative 6 and y spectroscopy. |f 
of 8 decay has enormously expanded and we have = 
! 
| 


many other fields in which Rutherford was a pioneer, | 
good understanding of the mechanism of the B decay i: 
action (as distinct from the nuclear matrix elements wi 
enter into transition probabilities). The talk by R. J. | 
Stoyle consequently dealt with ‘small effects’ rather | 
with broad features and he selected for especial attenti 
the first place the difference between the theoretical 
observed decay rates of the x-meson. If there is a univ 
Fermi-type interaction coupling electrons, nucleons, m 
and neutrinos, then the discrepancy of 2°% is significant 
it may be removed by postulating a charge dependenc 
2-3 % in the intrinsic nuclear forces. Such a dependen 
perhaps also indicated by the fact that isotopic spin seled 
rules for nuclear reactions do not appear to be abso 
An alternative explanation of the muon discrepancy is | 
the flow of charge in the 8 decay process, which inva 
nucleons and therefore the 7 meson field, is not conse 
This somewhat theoretical proposition can be tested exif 
mentally by careful measurements of the shape of t 
spectrum of even isobars such as !7B and !2N, and als 
looking at the angular correlation between f particles | 
« particles in the decay of Li. W. A. Fowler later repoif 
on measurements of the 8 spectra which indicate thatl 
vector current is conserved; he also announced an extreii! 
accurate determination of the comparative half-life fo 
important Fermi-allowed transition in the !4O decay. | 
continuation Dr. Blin-Stoyle pointed out small deviat 
of the decay data for certain simple mirror nuclei fl 
expectation. These appear to be associated with ine 
evaluation of the nuclear matrix element for the Ga 
Teller interaction. The f decay data can be used to cori! 
this matrix element, and the nuclear magnetic moments} 
then be deduced. When these are suitably adjusted 
relativistic and wave function corrections, there is still 
residual discrepancy between experimental and compi 
magnetic moments which is ascribed to a mesonic exchal 
term. 
The weak interaction session also included a report) 
C. Rubbia on muon capture in nuclei, in which ree] 
obtained by Hildebrand on the important capture by hy 1 
gen were described. The capture rate is consistent with 
known f mechanism and gives further support to the jf 
of a universal Fermi interaction by a route independent! 
uncertainties connected with nuclear matrix elements. |)! 
another invited talk S. Moszkowski showed how, givell! 


| 
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omplete understanding of the f-interaction, it becomes 
fossible to obtain the nuclear matrix elements reliably and 
qus to test nuclear models. The decay of deformed nuclei, 
he possible relaxation of isotopic spin conservation and the 
sectrum of RaE were cited as topics for special considera- 
on. Towards the end of the session V. L. Telegdi described 
fa experiment (as yet incomplete) in which the hyperfine 
ructure of a yz mesic atom is to be examined by detecting 
ae products of decay from the two hyperfine structure 
bvels. This will determine the spin dependence of the 
(uon—nucleon capture process. 


imitations and needs in instrumentation for nuclear physics 
(Chairman: J. Mattauch) 


|In an afternoon session devoted to two specially invited 
lipers on quite different topics, S. Devons, a former student 
| Rutherford’s laboratory at Cambridge, and one of his 
yecessors in the Langworthy Chair, discussed nuclear 
struments, with particular emphasis on studies of the 
j2ctromagnetic properties of nuclei. This stimulating talk 
jl illustrated the connection between the development of 
thniques and the reward of this effort in the extension of 
{iclear information. The area in which most extension is 
|W required is perhaps that of the measurement of electro- 
jagnetic properties of excited states. Here the limitation 
jat arises is due to the lack of suitable magnetic fields for 
jusing spin precession and observable rotation of an angular 
[rrelation pattern. For states with lifetimes of 10~!? sec or 
is the field at the nucleus resulting from the presence of a 
tgle K-electron could in principle be used; even larger 
“lds would be available if a u-mesic atom could be employed. 
jiother familiar limitation in electromagnetic studies is the 
sence of a source of monochromatic y radiation of con- 
uously variable energy. This is being overcome by the 
> of the radiation from fast positrons undergoing single 
jantum annihilation in flight and the first results of photo- 
iclear experiments with this radiation are now appearing. 
jher limitations discussed related to the topics of B decay 
jd nuclear collisions for which a general survey of the 
thnical developments of the last few years was offered. 
ii conclusion the speaker referred to Rutherford’s use of 
i: ‘high energy’ approach, in that he resolved the structure 
¢the atom by the use of « particles of energy 8 Mev. An 
(rapolation of this attitude leads us directly to the use of 
| high available energies of the present day in probing 
clear structure. It might be well, however, if we were to 
trcise some of Rutherford’s inspired caution in under- 
ting some of the more elaborate and expensive investi- 
jions. 


f 


Rutherford and nuclear cosmochronology 
(Chairman: J. Mattauch) 


aThis paper, which deservedly seemed to receive the greatest 
jlamation of the whole conference, and which would 
tainly have gladdened Rutherford’s heart, was given by 
, A. Fowler of the California Institute of Technology. In 


4 


juent, well-organized and elegantly documented account 


/Rutherford’s pioneer work at Manchester in determining 
4 half-lives of the naturally occurring radioactive sub- 
His subsequent suggestion of the helium and lead 
whods for finding the age of terrestrial minerals led, even 
ting the lifetime of Lord Kelvin, to a revision of the age 
ithe earth from about 108 years to more than 10° years. 
jsurprisingly accurate estimate of the age of the elements 
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was also made from the lifetimes and abundances of the 
uranium isotopes. Rutherford also anticipated, in broad 
outline, the modern theory of the generation of solar energy 
by transmutations, even before he had come to the hypothesis 
of the nucleus. The recent astrophysical work of Burbidge, 
Burbidge, Fowler and Hoyle has not essentially altered the 
geological and radioactive estimates of the age of the solar 
system, which stands at 4:5 x 10° years. Astronomical 
research during the last 10 years has, however, pushed the 
age of the universe up to 5—20 x 10? years if an act of creation 
is assumed and to infinity if continuous creation takes place. 
The contribution of the Californian workers has been to 
calculate the processes of nucleosynthesis using terrestrially 
measured nuclear cross sections and to set the age of the 
Galaxy in which these processes have taken place at 
20 + 4 x 10° years. Dr. Fowler elaborated the steps leading 
to these conclusions with admirable clarity. The age of the 
universe is determined from the red shift in the spectral lines 
of receding galaxies once the scale of astronomical distances 
has been established, and it is for this latter magnitude that 
more reliable values have recently become available; despite 
the increase in reliability a clear-cut decision between explod- 
ing theories of creation and the steady state hypothesis is 
not yet available. Neither theory, of course, accounts for 
the genesis of the primordial hydrogen. The age of the stars 
in the Galaxy is obtained by assuming that a star becomes a 
red giant (it can be identified astronomically as such from the 
Hertzsprung—Russell diagram) when its hydrogen has been 
converted to helium. The rate for this process is calculated 
from nuclear data and the age of those stars which have 
‘recently’ exhausted their hydrogen is then obtained. The 
results however are not so reliable as to make an independent 
estimate of the age of the elements from nuclear data 
unnecessary. Dr. Fowler traced the details of this estimate, 
in which it is assumed that elements up to iron are formed 
by charged particle reactions, and heavier materials by 
neutron capture. The nuclei 778U and 775U are supposed 
to have been formed only in conditions existing in supernovae 
and to have been injected into the Galaxy from these stars. 
The combination of these processes indicates a Galactic age 
consistent with the astronomical estimate based on the 
hydrogen-burning time. This paper presented an impressive 
picture of the growth of our knowledge of the physical 
universe and of the vital part played in stellar evolution by 
nuclear reactions. 

By the end of the fifth day of the conference everybody 
was conscious that a great deal had been said and that it 
should be possible to draw some conclusions about the 
present state of nuclear physics. This considerable task was 
courageously undertaken by D. R. Inglis whose conference 
summary perhaps rather emphasized the theoretical con- 
tributions, but showed how the links between mesons and 
forces, between forces and models and between models and 
actual nuclei were steadily becoming stronger. The excite- 
ment of speculation and experiment in academic nuclear 
physics which is a direct outcome of Rutherford’s work 
should not blind us, the speaker remarked, to the fact that 
because of that same work and its consequences, we live in 
precarious times. On this sober note, and after a short 
speech of thanks by P. Huber on behalf of The International 
Union of Pure and Applied Physics, the assembly dispersed. 


W. E. BURCHAM 
19th September 1961 


Department of Physics, 
The University, 
Edgbaston, 
Birmingham 15. 


BRITISH JOURNAL OF APPLIED PHYSICS 


Proceedings of the Symposium 
London, February 1961 


Abstract 


The meeting covered the theory, physical characteristics 
and circuit applications of tunnel diodes, and the pro- 
ceedings constitute a summary of the eight papers delivered. 


of Physics and The Physical Society (Electronics 
Group) and the British Institute of Radio Engineers. 

At the time of the announcement of the Esaki (tunnel) 
diode in 1958, an advanced stage of technology had been 
reached in silicon and germanium and a number of III-V 
compound semiconductors were available for technical 
exploitation. In addition, there existed considerable 
information on the band structure of these materials, and 
a general understanding of the physics associated with 
p-n junctions. The necessary groundwork therefore existed 
for the rapid development of tunnel diodes as high-speed 
switches or as high frequency generators in the kilomegacycle 
range. The expanding field of computers, with a continued 
pressure for increased speed of operation, has enhanced this 
rate of development still further. 

The tunnel diode is essentially a narrow p—n junction 
device in which the addition of doping elements to the 
parent semiconductor crystal lattice has been pressed to the 
limit, resulting in a barrier width of less than 100 angstroms, 
and majority carrier densities ~10! per cubic centimetre. 
The junction width is in consequence comparable with the 
mean spacing between impurity atoms. Quantum mechanical 
theory indicates that there will exist a finite probability of 
electron tunnelling through the potential barrier of the 
junction provided that conservation of momentum occurs, 
and that empty energy levels exist to which the electrons can 
tunnel. 

In the forward direction the tunnelling probability is at 
first enhanced by the application of forward volts, causing 
a rise in diode current to a characteristic peak value. A 
region of negative conductance is then encountered, the 
current falling with further increase in applied voltage, to a 
second characteristic minimum or valley figure. Tunnelling 
ceases when the application of further forward voltage 
causes the bottom of the conduction band to fail to overlap 
with the top of the valence band in the conventional energy 
diagram. A further increase in forward voltage causes 
normal diode behaviour, with injection of minority carriers. 

With reverse bias, electron tunnelling probability in the 
opposite direction is increased, and the diode appears to 
exhibit zero reverse breakdown voltage. 

The peak voltage depends, not on energy gap, but on 
Fermi-level, whereas the peak current shows a critical 
dependence on effective mass and impurity density. The 
effective mass is frequently uncertain, and may be a small 
fraction of the true electron mass in certain materials. 

The valley current should reach zero as the tunnelling 
probability goes to zero, but an excess current is normally 
observed, attributed to electrons tunnelling to or from states 
within the forbidden energy gap. The density of such states 
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on Tunnel Diodes— 


may be subject to technological control, if due to cry} 
imperfection or extraneous impurity, or may increase 
time if due to radiation or bombardment damage. 
Capacitance of the tunnel diode, due to the extrem 
narrow barrier width, may reach ~1 pF/cm?. For} 
effective high speed device, the cross-sectional area will 
extremely small, with consequent problems of series in; 
tance due to the package. The tunnelling phenomenon! 
a time constant ~10~ !? second, so that provided minority | | 
rier injection is avoided, fast switching times (~10~° seca 
can be achieved with existing device parameters. The si 
cross-sectional area, linked to limited voltage excursions, * 
however, place limitations on the power handling capacit} 
Materials widely used for tunnel diodes have incl ; 
| 


y 


germanium, silicon, gallium arsenide and indium antimor 
In gallium arsenide, transitions do not involve a changy 
momentum; with germanium and silicon, however, consedl 
tion of momentum requires the tunnelling process toy 
phonon-assisted by the absorption or emission of a phoj 
as an intermediate step. 

It follows that the tunnel diode has a dual role to Fj 
firstly as a high speed switch in fields of application wh¢ 
transistor performance is inadequate and secondly 2 
scientific tool for the examination of band structure 
semiconductors in a manner more direct than was previo 
possible. 

It is evident that tunnel diode fabrication places a prem 
on the ability to dope semiconductor materials heavily, 
is causing a new emphasis to be placed on methods of cryfil 
growth which permit introduction of abnormally 
impurity concentrations without introducing 
imperfections or localized inhomogeneity of impurity. . 

The material requirements for a effective tunnel diode 4] 
here be restated. 


(i) The Fermi-level on both sides of the junction must}) 
inside the conduction and valence bands. 
(ii) If both band-gap and effective mass are small, 
impurity concentrations are required. 


carriers must be low. 


The requirement for high impurity concentration if attai\t 
by the use of high process temperatures, may involve | 
merely a solubility condition for the intentional dor 
agent, but also the avoidance of stray impurity diffusion 

With indium antimonide, the band gap is of the o 
0-2ev, and the effective mass m, ~ 6:5 x 10~3. In coms 
quence, an impurity concentration of 2 — 6 x 10!7 atoms/¢: 
is necessary, which is feasible with tellurium doped n-t 
material. P-type alloy regions of adequate impurity 
centration can be fabricated using cadmium or indiut 
cadmium. 

The third requirement, that the ‘normal’ diode current} 
small, necessitates cooling the devices to —77°c. At 1 
temperature, peak to valley current ratios of twenty | 
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yserved, with the peak and valley currents occurring at 
imv and 100 mv respectively. 

Indium antimonide tunnel diodes should possess con- 
jerable advantages over germanium devices, by virtue of 
e lower doping levels required, leading to a lower capaci- 
nee per unit area by a factor four. In practice this has 
it been clearly verified. The noise figure should also be 
wer, because the voltage excursions are smaller than in the 
se of germanium. 

A real fabrication difficulty is the provision of a suitable 
th which will remove InSb without removing the alloy dot 
iterial. On balance it appears that indium antimonide 
))des are unlikely to find widespread practical application. 
[t is in the investigation of band structure that indium 
|timonide tunnel diodes have been proved useful. A less 
implicated band structure than germanium, allied to a 
\isitivity of tunnelling to magnetic field, provide a useful 
a of research. 

iWhilst the magnetic effects suggest a controlled device, 
| reduction in tunnelling is only a few per cent at practicable 
jds, although at 150000 gauss the peak current may be 
juced by a factor of twenty. 

A considerable volume of pioneer work on gallium arsenide 
|; been carried out at the Services Electronics Research 
jooratory, Baldock, and techniques used for tunnel diode 
‘rication were described to the conference. Gallium 
yenide is first zinc doped at 1000° c in a closed system to 
duce p-type material with an impurity concentration of 
)< 107° atoms per cubic centimetre. N-type regions are 
ide by alloying tin dots, and a caustic electrolytic etch is 
jd to finish the device to size. The 30 mil dice is mounted 
ji pill structure, resin filled. 

uVhilst peak to valley current ratios of 60:1 can be 
jerved, a more normal figure is 15—20, with peak current 
it sities of 16000 A/cm?. Under pulse conditions this value 
sy be extended to 150000 A/cm?. It is found that the 
+k current is reduced if the alloying temperature is raised 
hn 475° c towards 800° c. The figure of merit, in terms 
ethe ratio peak current to capacitance, is quoted as 
Parameter measurement raises some difficulties 


The equivalent resis- 
ize must be considered as consisting of a series inductance 
resistance with a negative conductance shunted by the 
gie capacitance. Under measurement conditions, the diode 
taunted by a sputtered non-inductive resistor for stabiliza- 
and measurement carried out on a transfer-function 
ulge. 

Siodes of this type have been employed as oscillators in 
41 strip-line and cavity configurations and have delivered 
'w at 500 mc/s; operation at 4-6 Gc/s has also been 
)eved. 
allium arsenide offers a wider range of pseudo-linear 
ative conductance on the voltage axis than does ger- 
1ium, and low series resistance is readily achieved. The 
51 temperature performance is better than germanium. 
valley current is found to increase monotonically with 
veasing temperature, and the peak current varies slowly, 
iratio being ~3:1 beyond 300°c. The peak current 
* by ~20% between room temperature and liquid 
Boce. 

'he conference discussed in some detail the ageing effects 
feallium arsenide diodes, opinion being divided on its 
Jitability. It was suggested that the fall in peak—valley 
js observed in service was due to junction non-uniformity, 
jlting in the development of local hot spots. In these 
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impurity diffusion could occur 
causing serious modification of junction characteristics. A 
limitation of peak current would tend to limit the effect. As 
the diodes are heavily doped, it was generally agreed that the 
ageing effect could not be associated with the surface. 

Further discussion centred on the stability of tunnel diodes 
to radiation and bombardment damage and American data 
was quoted to support the view that fast neutrons cause 
permanent damage, increasing the valley current and 
decreasing the voltage swing available. Germanium, silicon 
and gallium arsenide all show noticeable changes in fast 
neutron doses of 10!5 — 10!®nvt. By 10!7 nvt, germanium 
and silicon diodes have become inoperable, while gallium 
arsenide still shows appreciable negative resistance. 

The design and manufacture of both tunnel diodes and 
unitunnel (backward) diodes were then discussed using 
germanium as base material. The established technology of 
the material, its ready availability at an economic price, and 
the degree of control possible, may outweigh for mass usage 
the relative disadvantages of germanium tunnel diodes. 
Peak and valley currents occur at 50 mv and 250-400 mv 
respectively, and this voltage separation is found to shrink 
with increasing temperature. 

Values of peak current are quoted to 10% or less, and the 
fabrication technique uses a monitored electrolytic etch giving 
finish tolerances of +2%. Gallium Cored germanium is 
used with impurity concentrations of 1-7 x 10!9 atoms/cm? 
for the base material (p-type) with antimony or gold— 
antimony alloy dots, six mils in diameter, to provide the 
n-type regions. Some improvement in performance is 
achieved by addition of arsenic to the alloy, to counter the 
low segregation coefficient of antimony in the regrowth area 
of the junction, thus maintaining a high value of impurity 
density in this region. 

Whilst the tolerance of peak current is less than ten per 
cent, it emerged in discussion that the capacitance cannot 
be held to this limit. 

Three alternative packages were described, ranging from 
conventional header assemblies with two wire lead-in, with 
series inductance values of 8 nH, ‘top-hat’ packages where 
this value had been reduced to 4nH, and a symmetrical 
pill-type assembly, where the inductance was less than 
1 nH. 

The circuit engineer is requiring higher figures of merit in 
terms of milliamperes per picofarad, and it is possible that 
these requirements may be met in the future by the use of 
epitaxial techniques. Epitaxial methods may permit the 
production of lower series resistance diodes, and introduce 
economies in fabrication. 

In discussion, the temperature stability of the germanium 
tunnel diode was queried with a view to establishing whether 
ageing effects (analogous to the gallium arsenide case) were 
experienced. It was stated that after one hour at 400° c 
the peak current was halved, believed due to local arsenic 
diffusion in the n-type regrowth region. It was emphasized 
that the temperature behaviour of the germanium tunnel 
diode, by virtue of being constructed from heavily doped 
extrinsic or degenerate material, is better than the germanium 
transistor with which it is likely to be associated in computer 
circuits. Hence the transistor is the component most likely 
to set the environmental limits which will be permissible in 
a given application. 

The unitunnel, or backward diode, was described as an 
extension of the tunnel phenomenon, and is made by similar 
techniques to those used for the normal tunnel diode. The 
n-type doping level is, however, reduced to ~10!8 atoms/cm?. 


high temperature regions, 
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Under these conditions the forward current peak, corre- 
sponding to a maximum tunnelling probability, disappears, 
whilst the reverse breakdown due to tunnelling, commencing 
at zero volts, gives a fast rise in current as the reverse volts 
are increased. Rectification is thus effectively inverted, 
compared with a conventional semiconductor diode, the 
forward direction of the diode becoming the high impedance 
condition, over a restricted range. Rectification ratios of 
one thousand at +200 mv have been obtained, making the 
backward diode suitable for use as a coupling element in 
tunnel diode applications. It was recognized, however, that 
although the backward diode operates at high impedance in 
the nominal forward direction, the junction capacitance is 
correspondingly high due to the reduction in space-charge 
region width by the applied voltage. 

The addition of a third control electrode to the tunnel 
diode structure would enhance its flexibility of circuit appli- 
cation, and considerable thought has been given to the 
achievement of external triggering. The small physical size 
of the tunnel diode does not lend itself to the introduction 
of a physical electrode or an auxiliary layer, and this fact, 
coupled with the insensitivity of the device to light and 
magnetic fields, has led to the development of a double-based 
tunnel diode, and the exploration of its characteristics. 

In the structure examined, a germanium dice 30 x 5 mils 
is utilized, and two ohmic alloy contacts are made to the 
degenerate base region in addition to the formation of a 
normal tunnel diode alloy structure on the upper side of the 
dice. It is found that the shape and position of the negative 
conductance characteristic can be materially influenced by 
the magnitude of the lateral current flow between the ohmic 
contacts. Since the tunnel characteristics are not readily 
represented by analytic functions the device performance 
was evaluated with the aid of a computer, and the trends 
established support the experimental results obtained on 
fabricated devices. No circuit implementation of the device 
was discussed, but the sensitivity of the control characteristic 
is believed sufficiently promising to warrant further 
investigation. 

The conference turned, in its second session, from the 
consideration of the principles and techniques of fabrication 
of tunnel diodes, to their applications, principally in com- 
puters. A wide range of circuit functions was discussed and 
it was demonstrated that the tunnel diode, being a two-state 
device, can be utilized as both a logic and a memory element 
in high-speed systems. It can, in principle, replace both 
transistor and ferrite core to form a unified system, provided 
that cost figures and tolerances permit. 

Due to the lack of current gain, however, and the small 
voltage excursions available, it seems probable that mixed 
systems of transistors and tunnel diodes will persist for some 
time. Since the tunnel diode, relative to the transistor, is 
insensitive to temperature and radiation, no new environ- 
mental problems in such systems are visualized. 

Majority-logic systems haye tended to be resistively 
coupled, and in consequence slow with poor tolerancing. 
To improve the tolerance position, operation in the voltage 
mode is recommended with tunnel diodes, which call in 
addition for circuit complication due to the need to make 
the logic system unilateral. 

Isolation between input and output circuits can be achieved 
conventionally by insertion of a rectifying diode in each 
input path to the logic element. In tunnel diode systems the 
voltage excursions are low, and normal computer diodes 
may, in consequence, fail to give the required degree of 
isolation. The ‘backward’ diode (i.e. a lightly doped tunnel 
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diode, resulting in the inversion of the normal rectific 
characteristic) offers a possible solution of this prokj 
which has yet to be fully explored, since it exhibit# 
adequate rectification and impedance ratio over the vo} 
ranges commonly encountered in tunnel diode cird|); 
whilst retaining speed associated with majority call 
operation. 

The simplest utilization of the tunnel diode is sho 
Fig. 1. If the supply voltage is less than the valley vo} 


-—0.—— —— 


Tunnel diode bi-stable circuit. 


Fig. 1. 


of the diode, the circuit will behave as a monostable 
vibrator, and can be utilized as (i) a regenerative tri 
circuit, (ii) a non-linear pulse amplifier, (iii) a generat 
relatively uniform output pulses. 

The load line of the tunnel diode will operate fro 
point on the IV characteristic just below the peak cum 
to some chosen point on the yalley portion of 
characteristic. 

Fast switching will be obtained, utilizing only majq 
carrier operation, with a load line having a negative 
slightly less than the negative slope of the diode. 
operation requires extremely stable bias voltage, an 
limited number of elements on the input and output fa: 

Slower switching permits a limited amount of min \ 
carrier injection, and utilizes a more nearly horizontal | 
line. To allow for diode, resistance and supply volh 
tolerances, the low impedance condition of the diode 
be set well below the peak current point to permit 1 
critical operation. 

The four basic transfer systems, using tunnel diodes, 
shown in Fig. 2, with rectifying diode isolation. 

The logic functions of ‘inhibit’? and ‘inversion’ are sh 
in their tunnel diode form in Fig. 3, where an input 2 
inhibits an input at Y. For a signal of ‘oNg’ at Y, ant 
at ‘ZERO’, the TRANSFER-IN Clock sets B, to its high state } 
hence results in a negative output. If the input X is at ‘a 
the diode B, is set in the high state, and prevents | | 
—250 mv level at Y from setting Ba; a positive oult 


to D fle 
The function of memory with read-transistor is shows 
Fig. 4. Reading is achieved through voltage mode selec 
using a conventional computer diode with a forward 
ducting potential of 250 mv compared with 500 mv for t 
tunnel diode. 
Two cases arise: 
(i) The tunnel diode is in the low voltage condition. 
placing a 250 mv pulse on the word line, the diode D, |i 
conduct at 300 mv (250 mv + 5C mv) and the tunnel dil 
will switch to the high voltage state. 
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ala (ii) Tunnel diode in the high voltage condition. No current 
would flow in the read line until the word line reached 
—750mv (—500mv —250 mv). Hence the state of the 
diode can be read by a negative pulse of magnitude between 
—300 mv and —750 mv, the tunnel diode being left in the 
high voltage state. New information can be written into the 
tunnel diode by first returning it to the low voltage condition 
and applying a pulse to the word line. The digit line is held 
at ground potential for a high voltage state requirement, or 
b O1; negative if a low voltage state is required. 
Using this type of circuit a store utilizing the minimum 
Fo “ 6 number of components has been constructed, containing 
8 digits of 8 words; 64 bits. Each read transistor has as 
8 B many diodes connected to its emitter as there are words, 
with the sum of the diode capacitances acting as a limit to 
the speed of the store. Total access time is 40 ns with a 
read-out time of 10 ns. 
A A With the increasing complexity of electronic equipment, 
where both complexity and speed considerations are demand- 
ing a reduction in the physical size, ‘solid state’ philosophies 
are being applied to computer needs. The elements used in 
large quantities in computers must of necessity be relatively 
cheap and the extension of ‘solid circuits’ to Jarge numbers 
of high grade transistors would be uneconomic in terms of 
yield, although two-transistor elements have been shown to 
+250MV +250MV be feasible. The chosen circuit element should be small, 
a J. robust, cheap, immune to surface effects, of low power 


stm AV ao 


Fig. 2._ Basic tunnel diode transfer systems. 


pone transfer consumption to permit high packing density and amenable 

to mass production. 

D It was suggested that the tunnel diode basically meets 
these requirements. The various application papers demon- 
strated that the device is sufficiently flexible to perform most 
of the computer functions hitherto carried out by transistors, 

i and that a reduction in the number of components, always 

b2 


out 


an aid to tolerancing and reliability, could be achieved. 

ae _Rather than pursue a philosophy of total integration, the 
+250 MV view was expressed that ‘packaging’ of associated com- 
ponents, e.g. pairs of tunnel diodes, or associated tunnel 
diodes and resistors in shift registers, could usefully be 
undertaken, these functional sub-units being associated with 
printed or evaporated wiring networks. 

In the concluding paper of the conference consideration 
was given to gain factors in tunnel diodes, in relation to 


or 
- 250 MV output 


Fig. 3. Inhibit and inversion circuit. 


locking 


current 


digit line 


ov Fig. 5. Tunnel diode pair. 
or 
ao operation tolerances. It was concluded that energy gain 
could be high (~150), and is in fact higher than either 
power or current gain. 
For circuit design purposes the tunnel diode characteristic 
must be formalized in a relatively simple manner, and it was 
+250MV suggested that the I-V characteristic could be satisfactorily 
IE - represented by four pseudo-linear regions, characterized by 
~ 250MV four values of conductance, representing the rise and fall of 
Fig. 4. Memory with read-transistor circuit. peak current, the valley region, and the ‘normal’ diode current. 


output 


word 
line 
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Each of these regions has associated with the rising voltage 
an increasing capacitance value, so that a switching time- 
constant proportional to the product of reciprocal con- 
ductance and capacitance may be allotted to each region for 


Fig. 6. Composite tunnel diode pair I-V characteristic. 


design purposes. This formalization of diode behaviour is 
adequate only for trigger currents less than the peak diode 
current. 

A basic combination for computer logic is the tunnel 
diode pair, and a wide range of circuit function can be built 
up. In these combinations, one tunnel diode acts as the 
load for the other. The behaviour of such a circuit can be 
examined by superposition of the two diode I-V character- 
istics, treating one as a non-linear load line representation. 
It will be seen that there are three possible points of inter- 
section, A, B, C, of which only A and C are stable. The 
choice of state, A or C, can be made by use of an appropriate 
locking current applied at the junction of the two diodes, a 
locking current in giving a high voltage mode to diode B, 
and conversely a locking current out giving a low voltage 
state. 

Tunnel diodes, cascaded, can be used for simple scaling, 
with automatic reset when combined with transistors, and 
the simplest form is shown in Fig. 7. Such a chain will 
trigger sequentially if the peak current ratings of the diodes 
are graded sequentially. Successful operation with up to 
five tunnel diodes in the chain has been achieved. 

A number of other circuits including divider, phase 
splitter, and two phase shift register were discussed, which 
served to illustrate the wide circuit design flexibility. 

In conclusion, it should be noted that the primary object 
of this joint meeting was not to present advanced research 
information, but rather to establish the ‘state of the art’ and 
induce a degree of mutual understanding between physicists 
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constant current 
source 


output 
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Fig. 7. Tunnel diode scaling circuit. 


lh 
and engineers working in different areas of the subject. 
spite of a wide divergence of emphasis in the content of 
papers presented, this integration function was achieved, | 
the meeting has set a useful precedent. 


LeG CRESSEE 
24th October 
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Abstract 


The small forbidden energy gap and effective masses in 
InSb make it of interest because the high tunnelling 
current densities needed for an electronically fast device 
van be achieved very readily with low doping concentra- 
jons. The major disadvantage from the viewpoint of 
Plectronic applications would be the need to cool the diode. 
The ways in which the study of InSb tunnel diodes has 
tontributed to the understanding of the physical processes 
involved in tunnelling, are described. 


NDIUM antimonide belongs to the class of semiconductors 
discovered by Welker (1952) which are compounds of 
elements from Groups III and V of the periodic table. 
efore considering tunnel diodes of InSb, it is appropriate to 
ecall its most important parameters as a semiconductor. 
j The forbidden energy gap E, between valence and con- 
juction bands is small (0:18 ev at 300° Kk and 0-23 ev at 
47° k); the effective mass of conduction electrons m, is also 
mall, being only 0:014 of the free electron mass 1m; the 
“ffective mass of the heavy holes my, is 0-18 m9, and of the 
ght holes mm, about 0:014m,. The minimum of the 
fonduction band and the maxima of the heavy- and light-hole 
jalence bands (which are degenerate at k = 0) are all at the 
entre of the Brillouin zone. The electron mobility is high 
17000 cm? v—! s~! in pure material at room temperature and 
)0000 cm? v~-! s~! at 77°). So far its applications have 
{een in detectors of infra-red radiation (the small energy gap 
siakes it sensitive out to 6-8 jy) and in Hall effect devices 
iere the high electron mobility is an advantage). It is only 
t:cently that serious efforts have been made to exploit the 
seful properties of p—n junction devices made of InSb. 
jecause of its high electron mobility it has advantages as a 
iaterial for fast diodes and transistors (Henneke (to be 
jablished) has recently described a fast InSb transistor). 
‘here is, unfortunately, one drawback to p-—n junction 
svices made of InSb: they must be cooled well below room 
-mperature (e.g. to 77° k) if the p—n junctions are to present 
iypreciable electrical impedance. This is fundamental, and 
/a consequence of the small energy gap; there are too many 
fermally excited carriers at room temperature, and the 
jight of the barrier which can be provided in a p—n junction 
‘ too small in comparison with thermal energies. The 
quirement of cooling also applies to tunnel diodes. 
| From Esaki’s description* of how quantum mechanical 
6nnelling gives rise to a negative resistance region in the 
»ltage-current characteristic of a sharp junction between 
savily doped p- and n-type Ge, one would at first conclude 
| at Esaki or tunnel diodes could be made from any semi- 
‘nductor. Second thoughts would prompt the realization 


| 
i ; 
q * Detailed accounts are available elsewhere (see Sommers 1959, 
24 d accompanying article by Jonscher). 
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that the solubilities of the donor and acceptor impurities 
required to produce the heavily doped regions will be finite, 
and that it might be difficult to obtain an electronically fast 
tunnel diode with a high energy gap semiconductor. The 
circuit speed of a tunnel diode is not limited by any transit 
time effects, but by the junction capacity (C per unit area) 
divided by the value of the negative conductance due to 
tunnelling (G per unit area). Now C is a relatively slowly 
varying function of the doping concentrations on either side 
of the junction (P and N); in fact in rationalized units 


1 1 

G {xoe/24o( aE } 
where « is the relative dielectric constant, e the electronic 
charge, and ¢o the barrier height (roughly E, for small bias). 
On the other hand, G will be approximately proportional to 
the tunnelling probability p of an electron impinging on the 
junction (we have assumed that peak and valley voltages are 
the same in all semiconductors, which is, of course, an 
approximation); p can thus vary rapidly with N and P. 
Approximately we have 


Lal yaa 
p = exp { ~omi2e,( si 5) \ 


where « is a constant and m,, the reduced mass, is defined by 


1 1 1 
alls 


1/2 
+) 


Me Me My 


Thus, if N and P can be made large enough in a given 
semiconductor, a fast tunnel diode can be made with that 
semiconductor. It will be noticed that if E, and m, are 
small, N and P do not need to be so great for comparable 
speed as they do when £, and m, are large. A further point 
of importance in fabrication is that the solubilities must be 
large enough at a temperature for which the impurity diffusion 
coefficient is low. Tunnel diodes are usually made by the 
alloying process; at the elevated temperature involved the 
impurity atoms can diffuse or drift in the junction field, if 
one still exists at the fabrication temperature; this will 
increase the junction width over the minimum attainable for 
a given N and P (which will occur when there is a sharp ‘step’ 
junction); the tunnel current will then be reduced and the 
device will be slower electronically. Since impurity diffusion 
coefficients in solids increase sharply as the temperature 
increases these considerations imply a limitation on the 
temperature cycle used during alloying; a long time at too 
high a temperature will degrade the junction. 

From what has been said above it is clear that the attainable 
solubilities of donor and acceptor impurities are of great 
importance, as are their diffusion coefficients. It was for 
this reason that InSb, for which the solubility requirements 
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for a very fast electronic speed are satisfied very easily, has 
attracted interest. When Batdorf et a/. (1960) first described 
very high speed InSb tunnel diodes, there was some doubt as 
to whether other semiconductors such as Ge and Si could be 
used to make such extremely fast diodes (the value of C/G 
can easily be made as small as 5 x 10~!*s). The present 
situation appears to be that Ge (and GaAs) diodes can be 
made fast enough for most practical requirements, whilst 
Si diodes seem to remain less promising. Ge and GaAs 
diodes do not require cooling (although they will work quite 
satisfactorily if cooled), so that InSb diodes are at an imme- 
diate disadvantage, unless cooling were to be used in the 
circuitry in another connection, e.g. for a superconducting 
computer store. In applications as a negative resistance 
amplifier it should be possible to obtain lower noise figures 
using InSb than would be obtained with tunnel diodes of 
the other semiconductors (Chang 1960). The basic reason 
for this is that the voltages at which peak and valley occur 
are much lower for InSb (typically 25 my and 125 my, 
respectively) than for Ge (75mv and 350 mv) or GaAs 
(120 mv and 600 mv). However, it seems doubtful whether 
the noise figure improvement would justify the need for 
cooling in many applications. In summary, it now seems 
less likely that InSb tunnel diodes will be widely used in 
circuitry. 

There is, however, much interest in InSb tunnel diodes as 
a tool for studying the tunnelling process. The reason for 
this is that they are more susceptible to theoretical analysis 
than tunnel diodes made of Ge, because the band edges are 
at the centre of the Brillouin zone, and phonons are not 
required in tunnelling transitions. Also, several experiments 
are possible on InSb tunnel diodes which are difficult on Ge 
and GaAs tunnel diodes. For example, the tunnel current 
can be reduced appreciably by large magnetic fields. Calawa 
et al. (1960) have reported measurements of the variation of 
tunnelling current with applied magnetic field at 77° k, and 
the phenomenon has been studied in more detail by Butcher 
et al. (1961). Fig. 1 shows the variation of peak current 
density J, with magnetic field H when the tunnelling current 
is parallel to the magnetic field. The full line represents the 
theoretical variation 


JH) — H cosh (gm,H/moH) 
J(O) Hy sinh (H/Hp) 


The experimental results have been fitted to this curve by 
finding the value of Ho for each diode needed to give the best 
fit. In so doing the values g = 56 and m,/mp = 0-007 were 
used, as is appropriate for InSb. By developing the theory 
of tunnelling through a parabolic potential barrier (as 
opposed to the linear potential barrier usually assumed), 
theoretical values of Hg were derived by Butcher et al. (1961) 
without the use of any adjustable parameters. It was then 
possible to compare the experimental and theoretical values 
of Ho, as is done in the Table. It will be seen that theory 


Magnetic field scaling factors for peak currents 


Experimental Ho Theoretical Ho 
(kOe) 


Diode (kOe) 
A 16 20 
B 19 29 
(€ 23 35 


and experiment are in reasonable agreement, despite the 
rather drastic simplifications which must still be made if the 
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O° | 2 3 4 5 6 7 8 9 
H/H, 
Fig. 1. Ratio of peak current density with and withou 


applied magnetic field plotted against the reduced magnet? 
field for three InSb tunnel diodes with different values of th 
doping concentration N. The full line is the theoretica 
variation given by the equation in the text, and the exper 
mental points have been fitted to the curve by adjusting tht 
values of Ho. The experimental values of Ho thus fou 
are compared with the theoretical values in the table. (Fra 
Butcher ef a/. 1961.) i 


theory is to remain mathematically tractable. Another jf 
of the parabolic barrier theory is possible. In Fig. 2 | 
shown data obtained on the peak current of diodes made# 
material with various donor concentrations; each point} 
the averaged result for a number of diodes made fr 


1000 


30 


25x 10° 


3 
JN cms ? 


Fig. 2. Variation of peak current density with the doping 

concentration N. Each point gives the average result for < 

number of diodes made on material with the same value of 

The line has been drawn through the experimental point 

bearing in mind their approximate statistical weight. (Fro 
Butcher ef al. 1961.) 
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material with the same donor concentration. From the 
expression given above for p, we expect a plot of log J,(0) 
against (1/\/N) to be almost linear provided P > N. The 
line in the figure has been drawn as the best fit to the experi- 
mental points, bearing in mind their statistical weight. The 
detailed theory actually requires that the points should be 
plotted on more complicated axes; the theoretical parameters 
describing the slope and position of the line are then 
3-7 x 10?cm~3/? and 3-9 x 10-4acm=!/2_ respectively. 
The experimental parameters on the altered plot are 
4-3 x 10? cm~4/? and 0:60 acm7!/?,_ Here again the theory 
is in reasonable agreement with experiment. For all these 
2xperiments the diodes were made by alloying small disks of 
sure Cd on to Te doped InSb, using a peak alloying tempera- 
ure of about 400° c; the Te doped crystals were grown on 
1 <110> growth axis to avoid the non-uniformities asso- 
tiated with the ‘facet effect’ (see Hulme and Mullin 1959 and 
Mullin and Hulme 1960). Te is a donor impurity in InSb 
ind Cd is an acceptor. The fabrication conditions made it 
‘easonable to assume P > N. 

| The agreement obtained between theory and experiment is 
jaken to indicate that the theoretical concepts used in 
)xplaining the tunnel diode characteristics are basically 
ound. In the theory it was assumed that tunnelling involved 
jnly the light-hole band; this assumption has been questioned 
yy Chynoweth et a/. (1960), but Butcher et al. (1961) would 
jupport Haering and Miller (1961) in upholding the assump- 
ion. It might be mentioned that the effect of magnetic 
jields on Ge diodes is very small (a few per cent at 150 kOe). 
iven for InSb, where the material parameters are favourable, 
she effect is not, unfortunately, large enough to form the 
Hasis of a magnetically controlled tunnel diode. To obtain 
if tunnel diode for which magnetic fields of a more con- 
Jentional size would provide an effective ‘third terminal’, 
| ne would have to turn to a semiconductor with an even 
Imaller forbidden energy gap; operation at 77° k or below 
yould be an almost inevitable concomitant. 

| Close studies of the voltage-current curves (or better, the 
5 Ope conductance as a function of voltage) at 4° k have 
sevealed detail of fundamental significance. A current 
gntribution associated with phonon-assisted transitions has 
een observed by Hall et al. (1960) and others. We have 
flready remarked that the band edges in InSb are at the 
sentre of the Brillouin zone; there is thus no large change in 
jie wave vector (i.e. value of k) of an electron involved in a 
siinnelling transition. Transitions can therefore occur with- 
at the need for the participation of a phonon to conserve 
“ave vectors in the transition. A process involving a phonon 
ith zero wave vector is not excluded by this reasoning, 
(though it will be rather less likely than the process not 


| é i . 
‘volving a phonon. Acoustical phonons with zero wave 
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vector have zero energy, but optical phonons of zero wave 
vector have a finite energy. Now, at 4:2°x there are 
virtually no phonons present, and processes involving 
phonon absorption are excluded, but the process involving 
optical phonon emission will be possible when the bias 
voltage gets high enough to provide the necessary energy. In 
fact, the onset of the tunnelling process involving phonon 
emission has been observed by Hall et al. (1960); it is marked 
by a change in the slope of the graph of d//dV against V. 
The threshold voltage is 24 mv which is in good agreement 
with the optical phonon energy deduced from other experi- 
ments. 

Hall et al. (1960) also observed detail in the d//dV against 
V curve near zero bias. This was attributed to polaron 
effects and allowed the polaron formation energy to be 
estimated. (A polaron consists of an electron associated 
with the lattice deformation it causes by electrostatically 
attracting and repelling lattice atoms with positive and 
negative charges respectively; polarons are not possible in 
elemental semiconductors.) 

It is thus clear that the study of InSb tunnel diodes has 
already contributed to a more detailed understanding of the 
physical processes operative in tunnelling. 
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Abstract 


A brief account is given of the physical principles governing 
the operation of tunnel diodes. The material parameters 
affecting the peak and valley currents and the capacitance 
are discussed. The significance of some low temperature 
phenomena is explained. 


HE invention of the transistor in 1948 stimulated 

intensive scientific and technological activity on semi- 

conducting materials and on devices based on the 
principle of injection of excess carriers by p—n junctions. 
The main emphasis was on high-purity semiconductors as 
starting material for improved devices. This trend naturally 
favoured silicon and germanium and during the following 
decade the understanding of these materials reached a very 
advanced stage. 

In consequence, the focus of scientific interest began to 
shift perceptibly to other materials and to different pheno- 
mena, further refinements of diodes and transistors being 
considered to lie in the sphere of technology rather than of 
science. 

Just at that time, in 1957, the tunnel diode was invented 
by the Japanese physicist Leo Esaki in the course of his 
work on breakdown in very heavily doped materials. This 
device was quickly recognized as having great possibilities 
and considerable effort was switched to its development in 
laboratories throughout the world. The stage was set for 
very rapid development of ideas and techniques and today 
the output of published information on tunnel diodes is 
correspondingly high. 

The interest in the tunnel diode as a very high frequency 
negative resistance device and a very fast switch hardly 
needs stressing in the present context. What may be less 
clearly appreciated are the great opportunities for solid state 
research opened up by the emergence of the tunnel diode. 
The device employs semiconductor materials which are doped 
with foreign impurities to the limit to which the crystal 
lattice will accept them without disintegrating. This poses 
severe problems in the growing and alloying operations. 
Secondly, the operation of the device is uniquely sensitive 
to the nature of the band structure of the material employed 
and the study of device characteristics affords a means of 
understanding the structure of heavily doped materials. 
This is precisely the aspect, however, about which our 
present knowledge is singularly inadequate—very little is 
known about the manner in which the incorporation of high 
densities of impurities modifies the intrinsic energy bands. 

The operation of the tunnel diode is based on the quantum 
mechanical tunnel effect—a well-known phenomenon invoked 
more than a quarter of a century ago to explain field 
emission from solids and breakdown in dielectrics. With 


reference to Fig. 1, consider an electron of energy € 4 
charge —g confronted with a potential barrier gV(x)) 
arbitrary shape such that gv > over part of the bar 
width. From the standpoint of classical mechanics | 
barrier is impervious to the electron which becomes toté 
reflected on it. Quantum mechanically, however, the elects 


x 


' Xy Distance 


Fig. 1. Quantum mechanical tunnelling through a potentia¥ 
barrier. 


has a finite probability of penetrating a barrier higher thi 
its own energy. This probability is given by the expressi 


*2 (2m)!/2 
xX1 h 


where x; — X3 is the interval in space over which the ener 
of the barrier exceeds that of the electron, m is the mass } 
the electron and A = 27h is Planck’s constant. The stro} 
dependence of the probability of transmission on the widd 
and the height of the barrier is immediately apparent. 

The situation arising in the case of a solid insulator |; 
which a high electric field E is applied is shown in Fig. | 
The energy bands are sloping and a valence band electri 
at a level e€ faces a triangular energy barrier of height ¢ 


W = exp { —2 (qv — oiax 


levels of the conduction band. ‘The relevant expression fi 
the probability of tunnelling is 


4 (2m* 1/2 ¢ 3/2 


where m* is an appropriate effective mass. 


a high internal electric field exists even in the absence of /1 
external bias. Fig. 3(a) shows the equilibrium energy bast 
diagram of a p—n junction in which both regions are no} 
degenerate, i.e. the Fermi level ef falls within the forbidd 
gap at a distance in energy of C, and Cp from the edges of t)! 
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conduction and valence bands respectively. In this case the 
equilibrium carrier densities mg and po in the n- and p-regions 
are given by the expressions 


No = Nz exp (= CURD): Ky) = Ny exp (= C/KT) (3) 


field E 


forbidden 


€ gap 


“ 
ROOK) 
RE KVR? 
SOQORERS 


electric field. 


conductign 


(b) (d) 


| fig. 3. Tunnelling transitions in p—n junctions in equilibrium. 

42) Non-degenerate p-n junction—no transitions are possible. 

45) p-n junction with degenerate regions on either side—finite 
transition probabilities exist in the range of energies 
between a and b. ; 

%:) Fermi-—Dirac distribution function showing the range a’b’ 

| inwhich the product f(1 — f) has an appreciable magnitude, 

41) Density of states and electron density distribution in energy. 
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where N, and WN, are the effective densities of states defined as 


2am: kT \3/2 
Nz,v = 1 ) A 


m,* and m,* are the appropriate density-of-states effective 
masses for electrons and holes, respectively, k is Boltzmann’s 
constant and 7 the absolute temperature. For silicon and 
germanium at room temperature N, and N, are approxi- 
mately equal to 10!?cm~3. Correspondingly lower values 
apply at lower temperatures and in materials with low 
effective masses, such as n-type InSb. A semiconductor is 
non-degenerate if the donor impurity density Np or the 
acceptor impurity density Na, is sufficiently low for the 
resulting free carrier density mg or po to be substantially less 
than N, or Ny respectively. 

The introduction of a higher impurity density causes the 
Fermi level to fall effectively within the conduction or the 
valence band, as shown in Fig. 3(b), where the p- and n- 
regions on either side of the junction are degenerate. The 
density of electrons at an energy level € is given by the 
product g(e)f(e), where g(e) is a density-of-states function 
and f(«) is the Fermi—Dirac distribution function 


f(©) = [1 + exp {(e — ep)/kT}] “I. (4) 


The function f(e) is shown diagrammatically in Fig. 3(c) and 
the density-of-states function g(e) for the simplest possible 
case is shown in Fig. 3(d). The latter diagram also shows 
as the dotted line the product g(e)f(e). The shaded areas 
correspond to levels occupied by electrons, while the open 
space near the top of the valence band refers to the hole 
population. 

No tunnelling transitions are possible in a non-degenerate 
p-—n junction in equilibrium or at a slight forward or reverse 
bias. The reason for this is that the tunnelling process 
normally conserves energy and therefore corresponds to 
horizontal transitions in the energy band diagram. No 
electron from the valence band in Fig. 3(a@) can make a 
tunnelling transition into the conduction band along the 
horizontal arrow. Similarly, no electron can tunnel from 
the conduction band on the n side into the valence band. 
The latter process, in any case, would be very unlikely in a 
p—n junction in which at least one side is non-degenerate, 
even if the energy difference could somehow be absorbed. 
The reason for this is that the actual rate of transitions con- 
tains the product of a transition probability, the number of 
electrons available for transition and the number of empty 
states (holes) which can receive these electrons. The product 
of electron density and hole density is, however, very small 
in such a p—n junction. Tunnelling becomes possible on the 
application of a reverse bias (Fig. 4) when the maximum 
field is sufficiently high to give an appreciable probability of 
tunnelling according to Eqn (2). This mechanism is respon- 
sible for breakdown in p—n junctions that are fairly heavily 
doped on both sides and are yet non-degenerate. The 
magnitude of the maximum electric field in an abrupt p—n 
junction is given by the expression 


1/2 
Emax = 2(22) Vp — 1)"2( 


where « is the dielectric constant, V is the applied bias 
reckoned positive in the forward direction and Vp is the 
height of the equilibrium potential barrier as shown in Fig. 3. 

In a p-n junction in which both regions are degenerate, 
as shown in Fig. 3(b), tunnelling transitions are possible in 


NaN 1/2 
—*.) (5) 
Np + Na 
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equilibrium in the energy range between a and b. Transitions 
will actually occur only over a smaller interval in which both 
electrons and holes are available in reasonable numbers, 
that is in the range where the product f(e)[1 — f(¢)] is suffi- 
ciently large. This range is indicated by a’b’ in Fig. 3(c). 
There is no net flow of current in equilibrium since transitions 
occur with equal frequency in both directions. 


Fig. 4. Tunnelling in a reverse biased non-degenerate p-n 
junction. 


The situation arising upon the application of a small 
forward bias is shown in Fig. 5(a). The conduction band is 
displaced upwards in energy with respect to the valence band. 


This enhances the electronic transitions from right to left 
and inhibits the opposite flow, the result being a sharp rise 


J] 
forward 


reverse 


< 
_ 


Fig. 5. Energy band diagram, electron density distributions 
and voltage current characteristic of a degenerate p—n junction 
at a small forward bias. 
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| 
of current sketched on the V—J characteristic on the } 
With increasing bias, however, the overlap between il 
levels in the conduction band and empty levels in the vale) 
band decreases and this results in the fall of current, Fig. § 
Eventually a bias is reached at which the overlap betv)) 
bands is reduced to zero (Fig. 5(c)) and the direct tunnel | 
current should fall to zero since no transition at cons} 
energy can take an electron from one side to the other. | 
peak current J, and corresponding voltage V, form | 
set of important device parameters. | | 
The peak voltage V, is determined by the position of 
Fermi level relative to "the band edges and hence dependdf 
the impurity density. It is virtually independent of - 
magnitude of the forbidden gap. It is not possible to sna 
quantitatively the value of the peak current Jj, but | 
following expression for the zero-bias conductance (dJ/d 
all 


gives the dependence of the current density on the princ} 
physical parameters: 


G* m,/m, 
5.8 ue KIN, ®)| 
ex x 10 — 


| 


(5p) 0-16 ee)” 


Here J is in amperes/cm?, V in volts, €g in electron va 
N is the impurity density in the less heavily doped re 

(assuming that the other region has a substantially hig) 
impurity density). m, is a reduced effective mass given bt 


1 1 1 


Wits Site ie 


and m,* refers to the light holes where appropriate. mi 
the mass of a free electron. The very critical dependencd 
(dJ/dV)y upon €g, m,/mp9 and N can be seen from the gra} 
in Fig. 6 which refer to three sets of parameters correspond} 
to InSb, Ge and Si. 

The practical importance of operating at a high pa 
current density arises from the fact that this helps to redii 
the area of the junction and therefore the capacitance. 


nie | 
1-0 15 20 25 xi) 
SS 1 eres tas Coan 
io® 6 |4 3 2 (ks | 
N {cil 
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€,=0-23eV 
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Fig. 6. Computed zero bias conductance (dJ/dV)o as 2 
function of the impurity density for Si, Ge and InSb. 
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magnitude of the latter per unit area of the junction is given 
py the expression 
KN 


1/2 
C =0-80 x 10-4(= ) pEicm?. (8) 


G 
in view of the very high values of N the capacitance is high 
Ny usual semiconductor device standards. 

The small-signal equivalent circuit of a tunnel diode is 
fhown in Fig. 7. It consists of a negative conductance 
—G = — 1/R in parallel with the junction capacitance C. 


series 


bulk 
resistance 


barrier 


-R=-\% region 


lead 


Fig. 7. Equivalent circuit of a tunnel diode. 


ihe series resistance R, is due to the bulk material of the 
j2vice on either side of the junction. The lead inductance L 
/in represent an important limitation in view of the high 
Joerating frequencies. 

* The complete voltage-current characteristic of a tunnel 
>ode is shown in Fig. 8. Two points should be noted. 


L, 


voltage 
swing 


negative 
resistance 
region 


tunnel 
current 


/ 
NU exces / 
\curre Rhee oe ae 


Vp Mi V 


Fig. 8. Complete voltage current characteristic of a tunnel 
| diode. 


i-stly, the current does not go down to zero as expected 
em simple theory, but remains at a finite value in the valley 
sion of the characteristic. At still higher voltages, com- 
‘cable with the energy gap, the characteristic shows a steep 
iz due to the ordinary injection process in the junction. 
je valley current J, is not due to this mechanism and is 


olrefore referred to as the excess current. 


yy 
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The ratio of peak current to valley current is reported to 
be sensibly independent of temperature, pressure and impurity 
density. On the other hand, this ratio varies appreciably 
with the material and with the nature of the impurity. The 
cause of the excess current appears to have been established 
recently as tunnelling transitions via some energy levels in 
the forbidden gap (Fig. 9). The origin of these levels is at 


impurity — \ 
ua = 


Fig. 9. Tunnelling through intermediate localized levels in 
the valley region of the characteristic. 


present unexplained—they are thought to be due to ‘band 
edge tails’ inherent in heavily doped materials. Insufficient 
is known of the impurity levels in heavily doped materials to 
suggest even broad models for this mechanism. It is interest- 
ing to know, however, that the ratio J,/J, may be as high 
as 60 in gallium arsenide, while a typical figure for germanium 
is 10 and for silicon 5 or less. 

Further refinement of the tunnelling mechanism is called 
for in the case of materials having complicated band structures. 
The simple central parabolic bands, shown in Fig. 10(q), 


E jenersy 


(a) 


direct 
transition 


wave vector 


(b) 


indirect 
transitio 


phonon 
momentum 


Fig. 10. Direct transitions and indirect phonon assisted tran- 
sitions in typical semiconductor band structures. 
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have the minima and maxima of energy at zero wave vector 
k in the reduced Brillouin zone. By raising the valence band 
with respect to the conduction band it is possible to get 
direct tunnelling transitions under simultaneous conservation 
of both energy and momentum. This type of band structure 
is observed in some III-V compounds, such as GaAs. On 
the other hand, germanium, silicon and probably some 
TII-V compounds such as GaP exhibit a more complicated 
band structure in which the energy minima of the conduction 
band fall at non-zero k values, as shown in Fig. 10(5). The 
conservation of momentum requires in this instance the 
emission of a lattice vibration quantum (phonon) to dissipate 
the momentum difference g involved in a tunnelling transition. 
This in turn slightly upsets the energy balance since the 
phonon has a definite energy of its own. The result is that a 
graph of the conductance d//dV against V for a tunnel diode 
at very low temperatures shows a definite structure in which 
the peaks can be identified with phonon energies (Fig. 11). 


Voltage (V) 
(a) 


0:15 0:20 
| VoltageV) 


(b) 


Fig. 11. The voltage dependence of current J and conductance 
dJ/dV at a low forward bias in tunnel junctions at 4-2°x 
showing structure due to phonon interactions. 


(a) Germanium junctions formed by alloying 1% Ga, 99% In 
to n-type germanium of the following impurity densities: 


Curve Donor Concentration 
1 P 13 x 1018 cm-3 
yy As 9 x 1018 cm~-3 
3 Sb 14 x 1018 cm-3 


The vertical lines denote phonon energies as follows: TA, 
transverse acoustical; LA, longitudinal acoustical; TO, trans- 
verse optical; LO, longitudinal optical. 

(6) Silicon junction formed by alloying boron doped aluminium 
to silicon containing 2 x 1019 cm~-3 of phosphorus. 


(From R. N. Hall, Proceedings of the International Conference 
on Physics of Semiconductors, Prague, 1960.) 
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A detailed study of this structure in devices using diffe 
donor impurities shows that the nature of the impurity 
a profound effect on the phonon interactions and thus betr 
modifications of the band structure by the doping impury 
Thus, it appears that Sb-doped germanium shows very 1] 
nounced phonon structure, but P- and As-doped germanil 
shows very little. This is interpreted as an indication of | 
predominance of direct transitions due to a substan} 
lowering of a subsidiary minimum of the conduction banq| 
k = 0 under the influence of heavy doping. | 

Not unexpectedly the tunnelling process is affected by. 
presence of magnetic fields in the range 104-10° gauss, by 
parallel and normal to the junction plane. The effects of 
field on the motion of the carriers and on the band struct} 
combine to give an overall lowering of the current through 
the whole range of the characteristic. With the magn| 
field H parallel to current flow the following expression | 
the ratio of current with and without the field appears ta 


satisfied 
I(f) 
seg (O.G ta 
log ee 166 


Some oscillatory phenomena have also been reported @ 
attributed to the Landau splitting of energy levels. 

magneto-tunnelling effects are most pronounced in indif 
antimonide due to the low effective mass of carriers in “]} 
material. ' | 

It is clear that further detailed study of this subject 

throw badly needed light on the very complex proble | 
| 


interaction between the impurities and the host lattice: 
semiconductors. | 

The development of tunnel diodes in various mater 
has also stimulated interest in the growing of extrem 
heavily doped single crystal materials. Our present una 
standing of this important subject is rather rudimentary 4 
advances in this direction are bound to be of interest fi 
both the applied and the theoretical standpoint. 
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Abstract 


A survey is made of recent progress in the applications of 
electroluminescence, dealing with panels for illumination 
purposes, with alphanumerical indicators, with light and 
picture amplifiers of various kinds, as well as scanned 
picture displays. 


1. Introduction 


with the discovery of light emission (Lossew 1923) 

from silicon carbide detector contacts. At the time 
this was an intriguing but only an isolated phenomenon. In 
its various manifestations, it has since come to be regarded 
as a common property of non-metallic solids and has given 
rise to a whole series of devices of great potential importance. 
The simplest of these are now commercially available and 
various others have been made in the form of demonstration 
models. Others still can be found only in review articles on 
electroluminescence (!) but, as far as the future is concerned, 
these may well be among the most important. The purpose 
of this paper is to give a brief account of current work and 
to survey the range of interesting possibilities which this 
field has to offer. The subject has an extensive patent 
literature to which a bibliography recently prepared by Ivey 
(1959, 1961) is a valuable guide. 


T: development of electroluminescence began in 1923 


2. Electroluminescent panels for illumination purposes 


Electroluminescent panels are made in several forms, of 
which three are illustrated schematically in Fig. 1. In each 
case an alternating voltage of power or audio frequency is 


metal electrode 


lead dioxide 


titanate electrode 
reflector ‘phosphor 

Lie transparent 
PAM electrode 


steel RW 


plate 


WOM phosphor 


P2772 777 ALIT LPT TAL IIL trans paren t 
; electrode 
light 
Fig. 1. Electroluminescent light sources (a) after Mager 


(1951), (6) after Mash (personal communication), (c) after 
Rulon (1955). 
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applied between the two conducting layers. The phospy 
which is suspended in an organic dielectric (Figs !(a) and { 
or in a ceramic medium (Fig. 1(c)), is in a high field wh) 
causes it to emit light. In all cases, the surface bright + 
increases sharply with increasing applied voltage, in || 
general manner shown by curve A of Fig. 3. Empiri 
expressions are available which describe these relationsh}) 
with astonishing success (Zalm et al. 1955), considering | 
inherent complications of such a powder system. A gi | 
deal of research on the mechanism of this process has bi) 
done during the last few years and, accordingly, a framew! 
of theoretica] interpretation is now available. In most 
the materials which are here relevant electroluminesce}}} 
involves, in all likelihood, the impact ionization of activa} 
centres by fast electrons. On the other hand, much of | 
knowledge is still empirical and many important questil}) 
of detail remain unanswered. * 

The apparently simple structures on Fig. 1 contain a lai 
number of variable parameters which have to be optimilf} 
to achieve high brightness, long working life, the desilf 
colour response and satisfactory power efficiency. As df 
would expect, these aims lead to conflicting requiremes} 


and compromises have to be made to suit specific applicaticy 
Glass panels which make use of a phosphor embedded ing 
organic plastic are, on the whole, the most efficient, whe j 
panels which are based on steel substrates obviously ht 
greater mechanical strength. It is possible, for instance,} 
puncture such a steel plate with a rifle bullet without imp4p 
ing the emission of the surrounding area, an unorthodox 

convincing demonstration of robustness. The cera 
matrix offers improved protection against atmosphe 
influences which otherwise cause the phosphor to deteriora 
It does, however, lead to a somewhat lower light outp 
The best power efficiencies now quoted (15 Im/w, for orgai 
dielectrics) equal the values which are typical for fila ” 
lamps of about 100 w consumption. The dielectric mat¥ 
inevitably absorbs some of the light and we may theref}i 
conclude that the intrinsic efficiency of the phosphor itd 
is higher. The quoted values have been increasing ove! 
number of years and there is no reason for believing that 
ultimate limit has been reached. During operation the pari} 
become only slightly heated, by virtue of their large dissipat} 
surface. The panel on Fig. 1(b) is a development of 
version in Fig. I(a). The white titanate reflector ie a 


increase the effective light output and a lead dioxide la’ 
is used as one of the electrodes because of its ‘self-seali: 
properties. It is a semiconductor which changes composit# 
on heating and thereby becomes less conducting. A wai 
spot in the plate arising from faulty manufacture worl 
initially draw a high current, but would do so for a shl 


Henisch; International Series of Monographs on Semiconductt! 
(London: Pergamon Press), to be published. . 


} 

a ee | 

* For a general treatment, see Electroluminescence by H. |§ 
} 
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period only until the situation is corrected by the heat 
developed and by the corresponding (permanent) increase of 
electrode resistance. The wax layer is for protection against 
moisture. 

As far as life-expectancy is concerned, these panels differ 
greatly from filament lamps. When a filament breaks, the 
consequences are unambiguous. In contrast, an electro- 

-Juminescent panel rarely ‘goes out’, it merely deteriorates, 
giving a diminishing light output during a prolonged period 
of use. An estimate of its life is therefore very much 
dependent on one’s definition of ‘death’. Instances are 
known in which the useful life, based on reasonable criteria, 
| has been of the order of 50000 hours, but the units which 
‘are now commercially available deteriorate more quickly. 
These matters are again governed by a compromise. By 
applying higher voltages, it is possible to achieve a higher 
surface brightness, but always at the cost of lowering the life 
}expectancy. For some applications, and specifically for 
| aircraft, the absence of catastrophic failures could be a useful 
\safety advantage over conventional devices. 
{ For ordinary illumination purposes one of the main 
tadvantages of electroluminescent panels is their virtually 
two-dimensional character. The principal disadvantage is 
{their low surface brightness. Although surface brightness 
values up to 1000 ft-lamberts have been claimed for very 
jshort periods on experimental units, typical operational 
slevels of commercially available panels are very much lower. 
4Common values are between 1 and 10 ft-lamberts. There 
jare, however, quite a number of applications (architectural 
darkroom lamps, signboards, etc.) for which high 


iitiles, 
ibrightness is not required. A potentially important and 
iJarge- scale use of electroluminescent panels is in the field of 
jroad signs with self-luminous lettering. 

In the normal way, using phosphors based on zinc 
sulphide, the emission is in the visible region of the spectrum. 
sLarach and Shrader (1956) have shown that ultra-violet 
i emission can be achieved by the use of boron nitride. The 
jefficiencies obtainable are not yet known. If they were at 
all reasonable the process could lead to the design of cool 
area sources of ultra-violet radiation, and such devices could 
ibe used for blue-printing and related processes. 
\ 


The panels which are now commonly made are either rigid 
\(if based on glass) or only slightly flexible (if based on steel). 
In addition electroluminescent light sources have been 
jidescribed which are intended to be highly flexible (Gillson 
t 956). These can be made by dispersing the phosphor in a 
plastic film and applying semi-transparent conducting 
G2lectrodes on each side, but the practical difficulties of 


“manufacture are considerable. 


3. Alphanumerical and block pattern displays 


Y It is evidently possible to construct electroluminescent 
yoanels with multiple electrodes which can be selectively 
energized. Three such examples are shown in Fig. 2. In 
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(a) (b) (¢) 
Fig. 2. Multi-electrode information display panels. 
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the case of glass-based panels it is the metal back electrode 
which is shaped in some such way; in the case of metal- 
based panels it is the transparent top electrode. By energizing 
some of the areas in combination, recognizable letters and 
numerals can be formed. The larger the number of electrodes, 
the more satisfactory is the shape of the symbols, though at 
the cost of complicating the switching system. The selective 
operation of electrodes in any case constitutes somewhat of 
a problem. From the circuit point of view, a panel designed 
for numerical information only (Fig. 2(b)) should be capable 
of being operated by a single-pole ten-way switch. This 
cannot be done by direct connections from switch to panel, 
but necessitates an intermediate stage. For this purpose, 
Mash (1960) has designed a ‘coding matrix’ in the form of 
a flat plate which can be co-planar with the panel or can be 
mounted elsewhere as a separate component. The external 
switch is connected to the coding matrix and is used to select 
one of ten different circuit patterns. Since no two electrodes 
can be allowed to remain permanently connected, the coding 
matrix must contain isolating components which are voltage 
dependent. Mash used silicon carbide elements which 
appear in series connection with the panel electrodes. Their 
function is to increase the non-linearity of the brightness— 
voltage relationship. Fig. 3 illustrates this. Curve A shows 
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Fig. 3. Brightness-voltage relationships for an electro- 
luminescent element and non-linear series components (after 
Mash 1960). 


a relationship which is typical of an electroluminescent panel 
alone, curves B-E refer to a panel with one or more silicon 
carbide elements in series. The much sharper onset of 
brightness arises, of course, from the fact that the series 
resistance is very high at low voltages and collapses quickly 
as the voltage increases. The outcome is the appearance of 
what is almost a critical threshold voltage for luminescence. 
This greatly simplifies the interconnections for switching, not 
only for alphanumerical displays but also in other contexts. 
In principle, junction diodes with sharply defined breakdown 
characteristics could achieve this even more effectively, but a 
bias voltage would normally be necessary and this would 
destroy some of the simplicity of the series arrangement. 
Panels of the type shown on Fig. 2(c) can be used as 
alphanumerical displays, but are unduly complex for this 
purpose alone. They are suitable for the display of simple 
pictorial information and of coded block diagrams. Another 
form of block display involves the use of two crossed arrays 
of strip electrodes, as shown on Fig. 4. When a sufficiently 
high voltage is applied between two strips, the phosphor 
under the intersection will emit light, and this light spot can 
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be moved arbitrarily over the panel area by appropriate 
selection of the strips. For the number of possible dot 
positions, the system has fewer electrodes than that shown 
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Fig. 4. Electroluminescent display panel with crossed 


electrode arrays. 


on Fig. 2(c) but is very much less flexible since only a single 
spot can have complete freedom of position and movement. 
Panels of this kind involve a well-known ‘cross effect’. It 
arises from the fact that cross-over points between a par- 
ticular energized electrode and the remaining unwanted 
(earthed) electrodes would carry half the excitation voltage 
and would thus emit a certain amount of light. It has been 
shown that the use of non-linear circuit elements (O’Connel 
and Narken 1960) as described above can go a long way 
towards eliminating this effect. In this way, contrast ratios 
grea.er than 10* : 1 have been achieved. 


4. Applications of photo-electroluminescence 


Photo-electroluminescence is the process whereby the 
emission intensity of an electroluminescent phosphor is 
modulated by external radiation. It does not matter 
fundamentally in this connection whether the original 
electroluminescence is prominent or not. Cusano (1955), for 
instance, used thin films (containing manganese and chlorine) 
deposited by a vapour reaction which showed very little 
normal electroluminescence, but become very sensitive to 
electrical stimulus in the presence of x-rays or ultra-violet 
radiation. There is, as yet, no complete certainty as to how 
these external radiations affect the electroluminescent process. 
They could do so by increasing the number of free electrons 
available for participation or by altering the field conditions 
within each phosphor grain in such a way as to increase the 
energy of the colliding electrons. Experiments on single 
crystals should eventually clarify this issue. 

The control by x-rays or ultra-violet radiation is positive 
in the sense that increased radiation results in increased light 
output. Negative control (quenching) can also be achieved, 
at any rate in principle, by the use of infra-red radiation, as 
Heckscher (1957) and Narita (1960) have shown. This 
effect may be due to a diminution of effective field strength 
(arising from diminished electron occupation of traps) or to 
a prevention of recombination in certain activator centres 
(arising from the excitation of valence electrons). The 
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| 
amount of quenching appears to be rather small in the cit] 
so far studied and has not yet found practical applicatioy, 


lowers the light output, whereas x-rays increase it (Kaa | 
and Nicoll 1957). These complicated modes of behavic)) 
are not yet properly understood. 
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Fig. 5. Image-conyerter-amplifier based on radiation con:}} 
trolled electroluminescence (after Cusano, as described b 
Kazan and Nicoll 1957). 


| 

The radiation effects can be utilized either for provid 
signal modulation as such or for the purpose of producil 
a visible picture. A picture display of this kind is sho 
on Fig. 5. In this case the phosphor film was deposit 
directly from the vapour. Such films, in contrast to thd 
previously discussed, can show electroluminescence und 
excitation by d.c. voltages. These devices are, of cour} 
image converters and could produce either positive | 
negative images. Since electroluminescent phosphors can |} 
made in many different colours, these systems offer a varie 
of design possibilities, though a large amount of developme 
is still needed. The possibility of producing a negative outp 
image from a positive input is of considerable interest in t 
context of photographic processing techniques. 
It was suggested by Williams (1955) that phot 
electroluminescent systems offer the inherent possibility 
light amplification, and this was soon experimentally verifi { 
Under favourable conditions, Cusano obtained 10 photojt 
of visible light for every photon of 3650 A radiation. wilt 
increasing irradiation intensity, the amplification rat 
diminished. Similar results have been reported by Halsted 
(1957). An amplifying panel of 4in. x 4 in. described 1] 
Kazan and Nicoll (1957) was capable of displaying am¢ 
resolving geometrical patterns down to 10 p in size, thoug! 
its response time was rather long (of the order of second# 
In principle, there is no reason why amplification should nj 
also be obtained with infra-red radiation. The great dra¥ 
back of these devices is, of course, that infra-red pictur}! 
are available only in rather special circumstances, and ultril 
violet pictures very rarely indeed. 


I 
{ 


5. Devices involving indirect control of 
electroluminescence 


The above forms of control are ‘direct’ in the sense thf 
the stimuli act upon the electroluminescent process itself. |. 
is alternatively possible to achieve control in a variety | 
ways with the aid of additional materials or component 
Greguss and Weiszburg (1959, 1960), for instance, ha‘ 
described a composite screen system involving an electr}) 
luminescent phosphor dispersed in a barium titanate mat 
which showed an interesting piezo-effect. The impact - 
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‘ultrasonic energy on such a screen while under electrical 
‘stimulus resulted in a colour shift of the emission, from the 
‘plue-green towards the yellow end of the spectrum. The 
occurrence of the effect may be critically associated with the 
presence of the titanate but its mechanism is not yet under- 
stood. Leistner (1957) has shown that photoluminescence 
can be directly (intensity-) modulated by mechanical pressure 
changes and this suggests that the same may be true for 
electroluminescence. In one or other of these ways it should 
eventually become practicable to convert a pressure pattern, 
|whether static or dynamic, into a corresponding visible image 
\{acousto—optical transducer). Modulation by pressure could 
jalternatively be achieved by connecting a pressure sensitive 
j2lement in series with an electroluminescent panel, either in 
the form of a distinct component (Fig. 6(a)) or (for image 


series 
control 
element 


™N 


electroluminescent 
cell 


(a) 


» Fig. 6. Electroluminescent devices with indirect control. 
1 The series component on (a) and the control layer on (6) 
j could be  piezo-resistive, magneto-resistive, temperature 
sensitive or photoconductive. 


»roduction) in the form of a co-planar layer (Fig. 6(5)). By 
Jubstituting a magneto-resistive component in place of the 
piezo-resistive one, the system could be controlled mag- 
In a similar way, it could be controlled by 


yy a direct current in a secondary circuit. Fig. 9(c) shows a 
fariant in which a saturable reactor is used as one of the 
jlements of a resonant circuit. This would make it possible 
¥o vary brightness with current in some manner as shown 
jn (d), though the curve need not, in practice, be sym- 
inetrical. 

, A technically important method of external control 
tavolves the use of series capacitors with ferroelectric 
4 ielectrics. Such systems have been proposed (Sack 1959) 
or use in connection with scanned display panels (see below). 
“he principles are illustrated by Fig. 7, of which (a) gives 
Jypical characteristics of the series capacitor and (b) shows 
he simplest control circuit. Version (c) is actually preferable 
Jince it prevents the control voltage from being applied to 
‘he electroluminescent cell itself. On this basis, intensity 
Jatios of 100 : 1 have been obtained for control voltages of 
‘00 v. If the series capacitor were entirely free from leakage, 
Maen the control would be permanent after the initial charging 
yrocess. In practice, the control voltage will, of course, 
becay once its source is removed. The power needed to 
jaintain it permanently is very small indeed. If a bias is 
uperimposed on the control voltage so as to bring the 
ttanding brightness about half-way into the useful range, it 
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becomes a simple matter to achieve either ‘positive’ or 
‘negative’ modulation, depending on the polarity of the video 
signal. 
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Fig. 7. Control of electroluminescence by means of ferro- 
electric capacitors (after Sack 1959). (a) Voltage dependence 
of typical capacitance; (b) simplest control circuit; (c) improved 
control circuit. 


Control of a similar kind can be exercised through the use 
of photoconductive elements. This process is of sufficient 
importance to warrant separate discussion. 


6. Optrons and optron networks 


‘Optrons’ are devices (Loebner 1955) which involve the 
combination of electroluminescent and photoconductive 
circuit elements, either by external connection, as here 
envisaged, or by co-planar construction, as discussed in 
§7. They are capable of amplifying electrical and optical 
signals. Because of the nature of the interaction between 
the component elements, their spatial relationship (quite 
unimportant in the cases discussed above) is significant. The 
coupling can be optical (Fig. 8(a)) or electrical (Fig. 6(a)) or 


Fig. 8. Combination of electroluminescent (EL) and photo- 

conductive (PC) components (optron networks). (a) Optical 

coupling only; (6) optical and electrical coupling; positive 
feedback. 


both Fig. 8(5)). The photoconductors are usually based on 
cadmium sulphide and sometimes on cadmium selenide. The 
analysis of these constructions is complicated by the fact that 
both elements are optically and electrically non-linear 
(Nicoll 1959). Power amplification factors of 100 to 1000 
have been reported (Diemer and Van Santen 1960) for the 
arrangement on Fig. 8(a). If the electroluminescent panels 
were of the kind made by Thornton (1959a) or Cusano (1955), 
it should be possible to obtain d.c. amplification in the same 
way. The arrangement (Loebner 1955) on Fig. 8(b) provides 
for positive feedback, always assuming that there is an 
overlap between the emission spectrum of the electro- 
luminescent cell and the sensitivity spectrum of the photo- 
conductor. With sufficient feedback, the circuit becomes 
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bi-stable. It can be triggered from the ‘off’ to the ‘on’ 
condition by an increase of the applied voltage or by a 
light pulse on the photoconductor. Since the brightness 
(and, indeed, the colour) of the electroluminescent emission 
is frequency dependent, triggering by a sudden frequency 
change is also possible if the components are suitably matched. 
The changeover from the ‘off’ to the ‘on’ position is, however, 
slow because it involves the characteristics of the photo- 
conductor. Loebner has explored the behaviour of such 
optrons and has found that, with the materials now available, 
it is necessary to give the photoconductor a certain amount 
of bias illumination in order to ensure that the critical 
voltage for bi-stable operation is below the breakdown 
voltage of the phosphor layer. 

It is possible to devise many variants on the present theme. 
Fig. 9(a), for instance, shows an arrangement which combines 
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Fig. 9. Electroluminescent elements in resonance circuits. 


an optron with a resonance circuit (Halstead 1957). At 
resonance a high voltage exists across the electroluminescent 
cell. This reduces the impedance of the photoconductor 
which, in turn, leads to a higher output voltage. Fig. 9(d) 
gives the corresponding output characteristic. The com- 
bination is bi-stable and can again be triggered in three ways. 
Electrica] signal gains of the order of 10° have been obtained 
(Halstead 1957). 

The arrangement on Fig. 8(5) can give homo- and hetero- 
chromatic amplification. Light amplification factors of 50 to 
100 are easily achieved. It was found possible to match the 
components very critically so that as little as 10-5 of the 
ultimately emitted flux was capable of triggering the optron. 
For achieving this condition, there is always an optimum 
operating voltage. For low voltages the gain is very small 
and for very high voltages the electroluminescent cell may 
be in the emitting state even when the photoconductor is in 
darkness. 

Optron networks can perform a variety of logic operations 
(Loebner 1959), but their slow response rules them out as 
far as some of the more obvious applications are concerned. 
Fig. 10, for instance, shows a triple ‘or-gate’ and a triple 
‘and-gate’. As a further elaboration, the photoconductive 
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components could be sensitive to different parts of H 
spectrum, if a particular application were to demand it. 
means of optron combinations, it is also possible to dev, 


(a) 
PC, PC, | IPC, 


ele 


Fig. 10. Simple logic networks employing electroluminesce. 
(EL) and photoconductive (PC) components. (a) Trip 
‘or-gate’; (5) triple ‘and-gate’. 


——— 


shift registers (Tomlinson 1957), ring oscillators and flip—fi 
circuits (Diemer and Van Santen 1960). 


7. Amplifying picture screens 


If it is desired to amplify a picture rather than a sin 
light signal, then control of the kind described above 
be applied uniformly over the entire picture area. 
simplest method (Orthuber and Ullery 1954) is illustrated 
Fig. 11(a). It is capable of giving picture amplification f 
suffers from important drawbacks. In order to match | 
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Fig. 11. Amplifying picture screen. (a) After Orthuber andj 
Ullery (1954); (6) after Kazan and Nicoll (1955, 1957), witll 
optical feedback prevention. 


electroluminescent and photoconductive layers electrical 
the photoconductor must have a substantial thicknd 
However, when this condition is fulfilled, the action of lig 
upon the layer becomes very inefficient. This is so beca 
the incident light is absorbed in a very thin surface film ai 
most of the photoconductor remains unaffected by 
altogether. This dilemma led Kazan and Nicoll (19 
1957) to adopt a different method which is illustrated 
Fig. 11(6). The grooved photoconductor overcomes 
matching difficulty without too great a loss of sensitivi 
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In the electrical sense it is a ‘thick’ layer, but the incident 

light is able to act upon it in the regions in which it is most 
Mifective. In addition, this panel includes an interposed 
opaque layer which serves to prevent optical feedback. In 
its absence, light emitted by any part of the phosphor layer 
would impinge on the neighbouring region of photoconductor. 
Hence, bright areas would inevitably spread out, resulting 
first in a distortion of the picture and ultimately in a screen 
which is uniformly bright. Panels of 12in. x 12in. size 
have been made, giving a homochromatic energy gain of 
about 100 for the yellow emission band, and acceptable 
resolution for normal viewing. The applications of such 
panels could be considerable. One of their first suggested 
uses would be as x-ray intensifiers for medical radiography. 
The present limitations arise mostly from the well-known 
| short-comings of photoconductors rather than from the 
electroluminescent element itself. Kazan (1959) has described 
a more elaborate system which is a combination of the 
arrangements shown on Figs 11(5) and 12. It has two 
electroluminescent layers, separated by an opaque film, and 
provides for a small amount of optical feedback between one 
of these layers and the adjoining photoconductor. In this 
way, the gain can be increased and the response accelerated 
without impairing the half-tone picture quality. 


8. Light pattern storage panels 


In the context of light storage, as opposed to half-tone 
jamplification, close optical coupling between the electro- 
{luminescent and photoconductive layers is actually essential. 
The problem is how to prevent the bright regions from 
peeading until they cover the whole screen area. This can 
be done by a cellular construction which can take a number 
i 


of different forms (Loebner 1959). What is probably the 
simplest of these is illustrated in Fig. 12. It is effectively a 
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Fig. 12. Light storage matrix. Section through panel (after 


Hook 1959). 


)natrix of optron units, with cross-coupling prevented by the 
#oresence of an opaque mesh. The mesh can be ‘photoformed’ 
Alternatively, it can consist of regularly spaced 
A 12in. square panel with 250000 storage 
When such a 


The information can be ‘wiped off’ by removal of the 
Functionally, at any rate, we have here 


_ * An interesting storage panel has been developed by Ranby, 
dobbs and Turner in which all the above functions are somehow 
hombined in a single layer. Constructional details are not yet 
wailable. The device operates from a d.c. source, and provides 
Jrood half-tone rendering, though the information is stored satis- 
vactorily for a short period only, e.g. about a minute (British 
atent Appl. No. 26957/59). Iam indebted to Dr. S. T. Henderson 
yf Thorn Electrical Industries Ltd., for a demonstration of the 
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9. Scanned picture screens with ferroelectric and 
transfiuxor control 


The panels discussed in §7 all require an optical input 
picture. In principle, pictures can be formed by the use of 
electrical video inputs alone. This most desirable of aims 
(which could lead to a virtually two-dimensional television 
screen) is also technically the most difficult. The two prin- 
cipal requirements are, of course, to provide for the pos- 
sibility of scanning and for intensity modulation. In addition, 
it would be necessary to consider problems of resolution and 
response time. Unfortunately, the simplest scanning system 
illustrated on Fig. 4 is useless in this connection. If the panel 
were to consist of only 10* dots and the frame repetition 
rate were 25 per second, then each dot would be energized 
for 4 xs only. Using an audio frequency supply as usual, 
this would amount to a fraction of one cycle. In these 
circumstances the emission would be very small, and indeed 
visually undetectable. The impossibility of superimposing 
an intensity modulation is also obvious. Three quite dif- 
ferent systems have therefore been explored. Two of these 
consist of dot electrode systems as on Fig. 2(c), with external 
control elements connected to each dot. The ‘Elf-screen’ 
described by Sack (1959) employs control by means of ferro- 
electric capacitors, as shown on Fig. 7. The repetition of 
this structure for each dot of a picture panel is, of course, 
technically difficult. The ferroelectric material is first de- 
posited as a uniform layer and then machined into the 
matrix form. The matrix is thus an integral part of the 
screen. The distribution of the scanning signal is an equally 
complex problem but a number of suggestions have been 
made as to how this might be done. Performance figures of 
the device as a whole are not yet available. 

A second type of screen employs the same kind of electrode 
system but uses magnetic ‘transfluxors’ for control purposes 
in place of ferroelectric capacitors, each picture dot being 
controlled by its own transfluxor. The transfluxors them- 
selves are made of ferrite material and, in spite of their 
complexity, can be very small. (0:08 in. outside diameter 
has been quoted.) Their operation has been described by 
Rajchman and Lo (1955, 1956). The arrangement (Rajchman 
et al. 1958) for a single dot is shown on Fig. 13(a). For 
present purposes, it is sufficient to regard the transfluxor as 
a special kind of transformer. The electroluminescent 
element is connected to the secondary winding, and the 
primary carries a pulsed drive signal. The amount of coupling 
between primary and secondary depends on the state of 
magnetization of the ferrite core and this can be controlled 
by sending currents through the X and Y leads. The setting 
can be achieved by a single pulse and, once made, is per- 
manent until a new setting pulse alters the situation. Such 
a pulse can saturate the core completely, in which case the 
coupling between primary and secondary will be zero and 
the electroluminescent element will remain dark. Alterna- 
tively, a pulse (through either X or Y leads) could saturate 
the core partially (i.e. completely up to a certain radius r 
and not at all for larger distances), in which case the coupling 
would be intermediate between zero and the maximum value 
possible. The detailed setting characteristics are such that 
only the simultaneous presence of current pulses in the X 
and Y leads is sufficient to produce an appreciable output 
flux and hence light emission from the electroluminescent 
cell. This is apparent from a consideration of Fig. 13(d). 
The coincidence principle is, of course, the basis of the 
scanning procedure. Each X lead is linked with a whole 
row of transfluxors, each Y lead with a column of identical 
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Fig. 13. Operation of an electroluminescent element with transfluxor | 


control. (a) Connections to transfluxor; (4) setting characteristic (after \| 
Rajchman, Briggs and Lo 1958). 


units. One set of leads could carry constant pulses of 
magnitude Jj; the other set would carry variable pulses 
corresponding to the video information. The device could 
thus operate mostly within the linear region of the setting 
characteristic. 

Rajchman, Briggs and Lo (1958) have described the 
characteristics of a screen constructed in this way. The 
experimental model consisted of 1200 dots, a large number 
considering the difficulties involved, but too small a number 
to give good resolution. The frame rate was only 15 per 
second, but this gave a good illusion of continuous action, 
because each element was in the emitting state continuously 
for 29/30 of the frame time. The screen had good half-tone 
characteristics and adequate brightness for normal viewing. 


10. Scanned picture screens with piezovoltaic control 


Any display screen which consists of a dot matrix and 
individual control elements is necessarily costly. Moreover, 
as the screen size increases, uniform structure becomes very 
difficult to achieve. In an attempt to overcome these short- 
comings and to simplify the electronic drive mechanism, an 
entirely different form of approach has been proposed by 
Yando (lecture delivered at the International I.R.E. Con- 
vention, New York, March 1961, and private communication). 
It depends on a combination of electroluminescent and 
piezoelectric layers. The principle and design are illustrated 
on Fig. 14. Fig. 14(a@) shows a thin piezoelectric panel, made 
of lead zirconate-titanate which is a ceramic material. One 
of its surfaces is entirely covered with a metallic base electrode, 
the other carries two narrow strip electrodes as shown. The 
application of a voltage pulse between base and a strip leads 
to the formation of an elastic wave which is propagated 
through the panel almost without loss and is eventually 
absorbed (without reflection) in the acoustic termination. 
The elastic wave is accompanied by a localized piezoelectric 
voltage, developed across the thickness of the panel. Voltage 
pulses in straight line form can thus be made to travel across 
the panel in two directions, emanating from each of the strip 
electrodes. 3600 m/s has been quoted as a typical velocity. 
At their cross-over point the two waves would reinforce each 
other and the voltage developed would therefore be twice as 
high. If simultaneous elastic waves were to be produced by 
each of the strip electrodes, then it is clear that the cross-over 
point would travel across the sheet along a diagonal line. 
By suitable phasing of the two pulses, this line can be dis- 
placed and a complete scanning pattern can thus be achieved. 
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Figure 14(b) shows the construction of the panel a i] 
whole. A non-linear resistance layer is included for d 
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Fig. 14. Scanned picture screen with piezovoltaic contro 
(after Yando) (lecture delivered at the International I.R.E. 
Convention, New York, March 1961 and private communica- 


tion). (a) Operating principle; generation of the elastic wavet 
pattern; (6) screen structure and method of superimposing# 


video signal. 


purpose already outlined in §3 above. The layers 
matched so that the double voltage generated at a cross-ovi 
is only just sufficient to produce an electroluminescent signal! 
and the single voltage generated elsewhere is not. 


cence, presumably near the threshold of visibility, on whidi 
positive video modulation can then be superimposed. 
piezoelectric voltage and the (smaller and pulsed) video signil| 
are effectively connected in series and the diagram shovg 
how this is done. Yando has made and demonstratd? 
experimental panels of this kind up to Sin. x 5 in. in siz 
With the appropriate electronic controls, they are capable « 
displaying normal oscilloscope patterns, with a brightness « 
0-1 ft-lambert and an effective spot size of about 1 mm. TI 
device is still in the development stage. Its simplicity 
construction and the ease with which the video informati 
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can be distributed probably make it the most promising solid 
state display for television purposes at the present time. 


11. Future developments 


The distant future is far from clear, but it is reasonable to 
believe that interesting developments along the above lines 
will continue during the next few years. The greatest research 
needs are not, however, concerned with structural and con- 
figurational problems but with the understanding of electro- 
luminescence itself. Accidental discoveries apart, it is only 
in this way that one may hope to increase the efficiency and 
the operating life of electroluminescent layers. 

In the most widely held view, light emission from the 
familiar powder phosphors involves the impact ionization of 
activator centres under the influence of the effective field. 
This is essentially an inefficient process because only a 
fraction of the electron collisions could ever be energetic 
enough to produce ionization. This fraction should, how- 
ever, depend on the mean free path of the carriers, and one 
may therefore hope to increase it by using crystallites with 
a high degree of short-range order. This would eliminate 
harmful defects and may also have the secondary consequence 
of reducing unwanted non-radiative recombinations. How- 
ever, quantitative experiments along such lines have not yet 
been practicable. They would be critically dependent on 
' advances in our preparational techniques and, indeed, on 
our means of assessing short-range disorder. A further 
| problem is the stabilization of activator centres in the 
- presence of high fields. Under such conditions, ionic motion 
is always likely. As yet, we do not know enough about the 
manner in which activator centres are accommodated to 


| devise ways and means of inhibiting this motion. 


There is another possibility which warrants careful 
exploration. By means of a vacuum evaporation process, 
Thornton (1959b) has made a number of phosphor films 
which have shown electroluminescence at excitation levels 
so low (e.g. 2:2 v) that ordinary impact ionization must be 
ruled out. The interpretation of this effect could evidently 
have a bearing on future developments. We are dealing here 
_ with an electroluminescent equivalent of the phenomenon 
which is known as ‘anti-Stokes emission’ in the context of 
photoluminescence. Patek (1961) has tentatively suggested 
that it could arise from a phonon-aided impact excitation 
| process. However, such a mechanism would be enormously 
4 temperature dependent in a manner which is opposite to that 
} actually observed. The interpretation is therefore not 
acceptable. If, on the other hand, low-voltage electro- 
luminescence were to be due to minority carrier injection, as 
Thornton has proposed, or due to carrier accumulation, a 
possibility envisaged by Henisch and Marathe (1960), then 
! the prospect of increasing the efficiency and of eliminating 
® the need for high fields would exist in principle. At any rate, 
the operational limitations would then be different. The 
* brightness levels which can be achieved by small excitation 
+ voltages are always low, as would be expected. However, 
\ films of the same kind have been tested (Thornton 1961) at 
) higher voltages and have been found capable of yielding 
/ brightness levels of quite unusual magnitude. Thus, a yellow 
/ emitting zinc sulphide film, containing copper, manganese 
1 and chlorine, gave electroluminescence at 600 ft-lamberts 
when excited by 85v d.c. There is, as yet, no information 
/ on its life expectancy. It is clear that thin films offer 
_ attractive opportunities for future development, even though 
| much systematic experimentation will be needed before the 
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operative mechanism is unambiguously resolved. There is 
also a great deal of scope for the exploration of crystals 
other than zinc sulphide and zinc selenide, partly in the 
hope of finding new materials of technological value and 
partly in order to broaden and to generalize the work of 
theoretical interpretation. 
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Abstract 


Although vacuum-deposited thin metal films have been 
studied for many years, it is only recently that their 
anomalous electrical properties have been turned to 
practical account. In this work the most important 
requirements for the deposition of metal film resistors are 
discussed, and an annealing cycle up to 300-350° Cc in air 
is proposed to stabilize the resistance of nickel-chromium 
alloy films, preventing further large irreversible change 
within the temperature range of normal use. The 
stability of annealed unprotected films within the range 
10-400 Q/square was determined over a period of 2000 h 
on load (1 w/in”) and 8000 h at no load. Frequency dia- 
grams show the number of resistors measured, and their 
percentage resistance change. Resistors at no load 
increased by an average of 1% compared with a very 
small mean decrease in the same resistors on load. The 
temperature coefficient of resistance of films in the range 
100-150 Q/square is shown to vary between 0-002 and 
0:-1% deg—'c and is related to the rate of film deposition. 
Starting with an alloy of 80/20 nickel-chromium, the 
lowest values of temperature coefficient of resistance are 
obtained for rates of deposition lower than 5 &s~ and this 
effect is discussed in terms of the oxidation of the film 
and the separation of the alloy during evaporation. 


1. Introduction 


T the beginning of this century, Thomson (1901) 
proposed a theory to explain why the resistivity of 
thin metal films should be greater than that of the 

bulk metal. He deduced that the mean path of the charge 
carriers (later to be called the free electrons) between suc- 
cessive interactions or collisions with the atoms in a thin 
conductor was shortened by the closeness of the boundaries. 
The resistivity was increased because of the energy lost at 
each collision. This idea was extended by Planck (1914), 
Fuchs (1938), Lovell and Appleyard (1937) and others, who 
tried to relate the increase of resistance to the decrease of 
thickness. Unfortunately many of these attempts were based 
upon the assumption of an ideal thin film with parallel 
boundaries, free from defects and regular in structure. In 
view of present-day knowledge available from numerous 
electron microscope studies of film structure, it is not sur- 
prising that the above work was unable to explain the very 
wide variation of experimental results. It is now known that 
films deposited by evaporation in a vacuum are usually 
highly imperfect, and this fact is sufficient reason for the 
resistivity to become much higher than the value of bulk 
resistivity for the deposited metal. 

Recent experimental work has shown that under carefully 
controlled conditions, ordered films can be deposited on 
surfaces of regular crystal structure. For example, Bassett 
and Pashley (1961) have succeeded in growing oriented 
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gold films on cleaved rocksalt and on silver surfaces. 
Gillham and Williams (1955) have deposited gold films q 
high electrical conductivity by using a glass substrate pra] 
viously coated with a thin layer of bismuth oxide. Such filnay 
have a resistivity which closely approaches the bulk valua| 
but considerable crystal imperfections, e.g. dislocations anil 
stacking faults, are still present. It is thus unlikely that thi 
boundary effect contributes to the high resistivity of ver) 
thin metal films as significantly as earlier workers haj 
thought. 

Although the resistivity of films is higher than that of thi 
bulk metal, the use of thin films for resistance elements i 
limited by a fundamental problem. Metal films having 
useful resistance value are usually unstable. This effect hai 
been studied by Vand ( ke who has shown that the: irre 


lattice due to a ‘decay of the lattice defects’. These ee i . 
are much larger than resistance changes due to the norma) 
(positive) temperature coefficient of resistance of the material} 
Vand has proposed that a new metal film has lattice disordes 
with vacant sites and excess atoms situated so near that thi 
unstable equilibrium is easily disturbed. Separate energ} 
levels exist, corresponding to different types of defect in thi 
structure, and a definite temperature is required to remov 
the defect at each energy level. The resistance of the filn 
falls to an irreversible value, and this structure should bf 
stable at temperatures below its previous annealing point 
This stability is not realized in practice because of oxidatio 
or absorption of atmospheric water vapour, but stability cas 
be improved by suitable protection. 

Vand’s work was based upon the annealing of film| 
deposited at liquid air temperatures. When films ar 
deposited at about 20° c or higher, the decreases of resistan 
observed during subsequent heating are less marked, an 
tend to be compensated by resistance changes due to furthe#} 
oxidation, agglomeration or recrystallization. 

After annealing, the resistivity of a thin metal film remain} 
higher than the bulk value, but the temperature coefficien| 
of resistance is usually lower. It has been shown by Hollian 
and Siddall (1953) that the increased resistivity of gold film4 
within the range 40-400 A can be related to the decrease of 
temperature coefficient of resistance. The contributions ta 
the resistivity from lattice imperfections, boundary effect andl 
gas inclusion are greater in a thin film and, over a limitec 
temperature range (after annealing), are reasonably inde} 
pendent of temperature. Thus the temperature-dependen#) 
part of the resistivity is comparatively less than in the bulk 
material. 

It has also been observed that the temperature coefficien , 
of resistance of a very thin conductor is often negative. Fo ‘| 
example, thin nickel and iron films deposited by cathodidi) 
sputtering were shown by Itterbeeck er al. (1951) to possess 4/| 
high negative temperature coefficient of resistance. Holland 
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and Siddall (1953) have pointed out that such films were 
deposited under conditions in which oxidation was likely to 
occur; thus the observed properties could be attributed to the 
formation of a partially oxidized metal layer behaving as a 
semiconductor. 

The erratic behaviour of thin metal films is well known 
and is the subject of an extensive literature, but as shown 
by the foregoing, a better understanding of film properties 
is beginning. Summarizing the Introduction, it can be stated 
that the anomalous electrical properties of films are prin- 
cipally due to their structural imperfections and to the 
thermodynamic instability produced when metal vapour is 
abruptly condensed to the solid phase. The changes of 
resistivity and temperature coefficient of resistance, which 
occur upon heating or ageing a film, arise from the re-ordering 
of the structure, the relief of high internal stresses and the 
further oxidation or gas absorption of the film. These 
changes are parallel to those occurring in fine resistance 
wires upon annealing after cold-working. However, the gas 
absorption and higher degree of lattice imperfection in 
} vacuum-deposited films cause much greater variation of 
properties. There is an increasing amount of evidence that 
high stability resistance films can be obtained by correct 
annealing treatment and suitable protection. It is the purpose 
of this paper to describe a method of making reasonably 
stable resistance elements by the vacuum deposition of 
) nickel—chromium alloy on glass and to discuss their properties 
_ in terms of the processing conditions. 


2. Practical requirements 
Substrate 


| The surface of the supporting substrate should be smooth 
| and uniform, and both chemically and mechanically stable 
} at temperatures up to about 350°c in atmosphere and 
{ vacuum. Any variation of surface smoothness gives a corre- 
sponding variation of film resistance value, because the film 
is thin enough to be greatly affected by the state of the 
surface. For example, a film of resistance as low as 
10 Q/square on a polished glass surface may be discontinuous 
when deposited under identical conditions on a finely ground 
| glass surface. 

| It is a characteristic of a film deposited from the vapour 
that the grains tend to grow on surface prominences, which 
/ trap the atoms first arriving there and act as centres for 
nucleation. Films as thick as 1000 A may be discontinuous 
| when deposited on a coarse surface because large grains are 
' formed which do not touch, and the thickness must be 
_ increased before conductivity is observed. Such films tend 
to be unstable because their conductivity depends upon 
contacts between large grains. 

The most suitable substrate materials are found amongst 
glasses and ceramics. Good results have already been 
obtained using glasses of high silica content such as Pyrex 
or Vycor. These are two of the few glasses unaffected by 
' water vapour. Many other glasses, including some boro- 
| silicates, devitrify in contact with water, and their surfaces 
| become powdery because small crystals of metal silicates are 
formed. Soda-lime glasses are not used because their sur- 
faces are also chemically unstable. During flame polishing, 
when the glass is bombarded by thermally produced gas ions 
or ionic bombardment in a glow discharge, free sodium ions 
are active at the surface of the glass. They combine with 
water vapour from the gas atmosphere to form sodium 
hydroxide and deliquescent sodium silicate by reaction with 
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silica in the glass. Some further reaction with the deposited 
film must be expected. 

Ceramics possessing good chemical and mechanical 
properties are available; however, their surface smoothness 
is often variable because of the sintering process used in 
their manufacture. Glazing is not always a satisfactory 
solution to this problem because standard glazes are often 
based upon some of the unsuitable glasses already described. 
Very careful examination of surface smoothness is needed 
when choosing a ceramic material for the support of vacuum- 
deposited films. 

The temperature coefficient of linear expansion of metals 
is usually an order higher than that of glass or ceramics, and 
this factor partly contributes to the high internal stresses 
which have been observed in thin films. However, once the 
films have been annealed, the effect of the expansion of the 
base on the resistance of the film is very small, compared with 
the average temperature coefficient of resistance of films, and 
is insignificant when compared with that of bulk metals. 


The resistance alloy 


In the early stages of deposition of a metal film, aggregates 
of metal atoms (nuclei) are formed on the substrate. The 
number of nuclei is dependent upon the physical and chemical 
properties of the metal and substrate, and upon the rate of 
deposition. As the nuclei increase in size they grow together, 
eventually to form a continuous film. The second stage of 
growth is marked by the onset of electrical conductivity, and 
the rate of change of resistance with film thickness is very 
high. Unfortunately, the most useful resistance values 
coincide with this unstable region of thickness for many 
metallic conductors. 

The most successful high-resistance films have been made 
by depositing chromium and alloys of chromium with nickel, 
silicon, titanium, etc. For example, nickel-chromium alloys 
have a high bulk resistivity (80-130 pQ cm) and therefore 
films of this alloy are much thicker than films of the pure 
metals for the same resistance value. Films of resistance 
400 Q/square are at least 80 A thick, more or less continuous 
and are outside the very unstable region of thickness. 
Nickel-chromium alloys also have a low temperature coeffi- 
cient of resistance in bulk, and are very resistant to chemical 
attack because of the compact protective oxide layer which 
forms in contact with an oxidizing atmosphere. The forma- 
tion of double oxides having a spinel structure has been 
shown on nickel—chromium alloys under examination by 
electron diffraction, and this reason has been given to account 
for their high chemical stability. 


Evaporation conditions 


The lowest values of temperature coefficient of resistance 
and the best stability are achieved in films deposited under 
conditions favouring oxidation. During deposition the 
substrate is heated to relieve the internal stress in the film, 
but this treatment can also increase the rate of oxidation. 
The residual gas atmosphere in the chamber of a kinetic 
vacuum system is highly oxidizing due to the high proportion 
of water vapour at the normal working pressure (10- 4mm Hg). 
Assuming that the partial pressure of water vapour is only 
10->mm Hg, then it is calculated approximately that 
5 x 10!5 molecules cm~*s~! strike the substrate surface. 
If the rate of deposition of chromium metal is about 3 A s~!, 
then ten water vapour molecules strike the surface for every 
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chromium incident atom. Thus there is sufficient oxygen (in 
the form of water vapour) available at the source for the 
film to be highly oxidized at normal rates of deposition. 
Oxidation also occurs after the chromium atoms have left 
the vapour source, giving rise to the familiar gettering effect. 
The fall in pressure can readily be observed on the vacuum 
gauge. 

Thus the first few atomic layers deposited during the 
gettering period are highly oxidized, and when the chamber 
has been ‘cleaned up’ the deposit is more metallic. After 
evaporation ceases, the deposited film remains open to 
oxidation. Thus the deposited film is inhomogeneous and 
approximates to a sandwich layer of oxide/metal/oxide, in 
which the two outer layers are more highly oxidized than the 
inner layer. 

The exact state of oxidation of the deposited film is unknown 
and a further effect of oxidation can be observed upon 
baking in air. The final resistance change upon annealing 
may then be positive or negative, because the decrease 
attributed by Vand to lattice transformation may be greater 
or less than the increase due to further oxidation. 


Heat treatment and protection 


Heat treatment carried out during or after deposition 
serves three purposes: 


(i) high internal stresses in the film are relieved; 
(ii) some defects in the crystal lattice are removed, thus 
improving the heat-stability; 
(iii) a protective oxide layer is completed, making the film 
less subject to external atmospheric attack. 


In practice, it has been found advisable to heat the 
substrate in vacuum before deposition to a temperature of 
at least 300° c. A further heating period in air for 30 min 
at 300° c completes the annealing of the film. 

The electrical properties of resistance tapes and wires are 
stabilized by annealing and by cyclic baking in air or hydrogen. 
This treatment reduces the strains and dislocations set up 
during the drawing of the wire. Thus the treatment required 
by a vacuum-deposited film is similar. Baking during and 
after deposition re-orders the crystal lattice, and improves 
the resistance stability with time, also forming a compact 
oxide surface layer. Several fast baking cycles carried out 
in air hasten the changes of resistance up to 300° c, which 
become smaller with each successive cycle. 


3. Experimental work 
Evaporation technique 


The preparation of nickel-chromium resistance films was 
carried out in a vacuum deposition plant having a 12 in. 
diameter chamber equipped with pumps capable of reducing 
the residual gas pressure in the vacuum chamber below 
10-4 mm Hg in 5 minutes. Provision was made for two h.t. 
lead-through electrodes (for cleaning by positive ion bombard- 
ment), three electrodes for the evaporation source and 
several smaller electrodes for connecting the radiant heater, 
thermocouple, and resistance monitor. 

The evaporation source was heated by electron bombard- 
ment (Fig. 1). This source consisted of a stainless steel 
Se DOmERE block (forming the anode) on which was mounted 
a gin. diameter special ceramic hearth in. high. 
Nickel-chromium wire (22 s.w.g.) was fed ironed a stainless 
steel guide tube to the centre of the hearth. The feed 
mechanism was mounted at the side of the hearth, and allowed 


BRITISH JOURNAL OF APPLIED PHYSICS 


670 


| 

| 

| 
the wire to be fed either continuously or to be intermittentl | 
operated by a handwheel outside the vacuum chamber. T | 
nickel-chromium wire was bombarded by electrons emitte}), 
from a small hot filament of 0-020 in. diameter tungste:) | 


wire feed mechanism | 
|| 


wire guide tube i} 
shields 


j 
I 


-3kV 500mA 


Circuit diagram 


Fig. 1. Schematic diagram of the evaporation source heated 


by electron bombardment. 


wire (forming the cathode), supported 4 in. above the top off} 
the hearth. The cathode heater supply was obtained from | 
8 v, 100 A transformer with secondary winding insulated from | 
earth and primary for 15kvy. The anode and cathode wer 

connected across a suitable h.t. supply, having a maximunif} 
power of 1-Skw at 3 kv; the anode was held at earth potentiay 

and the cathode at negative 3 kv. The top of the hearth wag 
hollowed to enable the wire to melt and form a bead from 

which evaporation could take place. 


Substrates and workholders 


Special jigs were made to hold flat specimen plates off 
Pyrex, soda glass and ceramic. During each evaporation, thi} 
resistance of one plate was monitored by connecting the ena] 
terminals to an external circuit for resistance measurementi} 
A simple ohmmeter was used for monitoring the resistancd 
value during evaporation. The accuracy of the measurement} 
was only of the order +2°%, but the results were used onl 
to indicate the approximate value of the resistance during} 
evaporation. A bridge method of measurement was used td 
determine accurately the resistances of the slides, and iif 
described more fully later. | 

The workholder consisted of a simple jig constructed sa 
that only in. at each end of the slides was masked by the ‘ 
clamp, and these were placed next to the monitor plain 
The workholder was supported 4 in. above the evaporatiox 
source by means of a tripod. A radiant heater, dissipating 
750 w at 110 v, was mounted above the workholder to rai 
the temperature of the substrate to 300° c before evaporation! 
The temperature of the substrate was measured by means of 
a chromel—alumel thermocouple placed inside the vacuun 
chamber with its junction resting on the top face of thai 
workholder. The thermocouple was connected to an externa! 
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meter calibrated to read degrees Centigrade, covering a 
} temperature range from 0 to 500 in divisions of 10 degrees. 
A special chamber assembly was constructed for deposition 
/ of films on cylindrical formers and, for monitoring their 
resistance, a static flat glass slide was used. By experiment a 
simple relationship between the resistance of the static plate 
and the resistance of the cylindrical formers was obtained, 
thus enabling the evaporation to be roughly monitored. 


Contacts 


The method of making contact to the deposited film 
| influenced both the accuracy with which the film could be 
measured and the ultimate stability. To reduce the contact 
resistance to a negligible value, thick nickel-chromium films 
(1500 A) were deposited at the ends of the slides in a separate 
vacuum deposition cycle. The contact between the thin 
resistance film and the thick terminal was of large area com- 
pared with the cross section of the film. Copper leads were 
soldered directly to the thick nickel-chromium terminal 
using an indium solder without flux. 


Deposition procedure 


| The slides were thoroughly cleaned with a detergent, 
{ washed in water and isopropyl alcohol, and finally degreased 
| in isopropyl alcohol vapour, before being placed in the work 
i chamber. The chamber was evacuated to a pressure of less 
} than 10-3 mm Hg and the substrates heated to a temperature 
} of 250° c by means of a radiant heater. The slides were then 
| h.t. cleaned for a period of 10 min, after which time they were 
further heated by the radiant heater to a temperature of 
i} between 300° c and 330° c. 

| The pressure in the chamber was adjusted to the required 
i value and nickel-chromium was deposited on the substrates 
for a measured period of time until the correct resistance value 
f was reached. The samples were allowed to cool to below 
100° c before removing them from the chamber. 


Stabilization 


Stabilization or annealing of the resistance films was 
carried out in a special oven in air at atmospheric pressure. 
‘ The oven consisted of a cylindrical steel body 5 in. diameter 
X 7 in. long, around which was wound a resistance heater. 
One end of the cylinder was sealed, with provision made for 
} inserting a thermocouple to measure the temperature of the 
| film during baking. A special jig, capable of holding several 
/ resistors, was placed in the unsealed end of the oven. Each 
resistor was clamped individually using pure nickel foil to 
j make good contact, and the clamping screws were connected 


/ could be measured separately during the heating cycle. 
The temperature of the oven was raised to 300° c in about 


| Readings of the individual resistance values against tem- 
| perature were taken during the whole of the stabilizing cycle. 
‘Final resistance measurements were taken when the specimens 
‘had cooled to room temperature. 


Measuring apparatus 


Resistances were measured by means of a Wheatstone 
bridge circuit and the accuracy of measurement was estimated 
to be of the order of 0:1 %. 

For measurement of the temperature coefficient of resis- 
tance, the resistors were totally immersed in a silicone-oil 
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bath which was heated by means of a flat resistance heater. 
The liquid was stirred mechanically to ensure an even tem- 
perature distribution; the resistor under test was connected 
to the Wheatstone bridge and a mercury thermometer was 
clipped to one end of the resistor. Changes in resistance 
were noted over a temperature range from room temperature 
to 110° c for every increment of 5 degc. These measure- 
ments were taken both on heating-up and cooling-down of 
the liquid. Average values of resistance were taken for the 
corresponding temperature, and resistance was plotted 
against temperature. From this the temperature coefficient 
of resistance was calculated for each element. 

One slide in each batch was partially masked by a very 
thin steel strip to obtain a sharp step from the film to the 
glass. This glass was located next to the monitor slide, and 
after the nickel-chromium film had been deposited, the mask 
was removed, and the thickness of the film was determined 
by multiple beam interferometry (Tolansky 1948). 


Stability 


Stability tests were carried out on 52 flat resistors within 
the range 10-400 Q/square selected for good contact (after 
annealing) for a period of fifteen months, three months under 
load with each slide dissipating 3 w, and twelve months at no 
load. The slides were mounted on a ‘peg board’ by means 
of clips. The clips were connected to tappings on an auto- 
transformer adjusted so that the correct voltages were applied 
across each resistor to give a power dissipation of 1 w/in?. 
During the load tests, resistance measurements were carried 
out daily for the first week, and then every week for the 
remainder of the three-month period. The peg board and 
slides were protected from dust and dirt by a polythene sheet. 
After the load tests were completed, the sheet was removed 
and the slides left on shelf-life for the next twelve months 
with the power switched off. During this period the resistance 
values were checked weekly and the results tabulated. When 
the stability tests had been completed, the total percentage 
change of resistance of each plate was calculated. 


4. Results and discussion 
Comparison of substrate materials 


The resistances of films deposited in the same batch on 
Pyrex and soda-lime glass and on a special grade of sintered 
aluminium oxide were compared in a total of over 50 batches. 
No difference could be observed between the two glasses in 
initial resistance value (within the normal experimental 
variations), but the values of resistance of films on the 
alumina base were frequently several times higher. Subse- 
quent annealing showed that the ceramic base was unsuitable 
because the films could not be stabilized, the resistance value 
increasing with each successive annealing cycle. Some films 
deposited on soda-lime glass showed a curious effect upon 
applying a low d.c. potential (about 4-5 v) for monitoring 
the resistance during deposition at 350° c. When the films 
were examined, a thin line corresponding to a lower optical 
absorption was noticed along the negative terminal. ‘This 
was thought to be due to a reaction of the film with sodium 
ions transported to the negative terminal of the monitor 
slide, but microscopic examination revealed nothing but a 
change of optical density. However, this phenomenon was 
considered to be of sufficient importance to reject the use of 
soda-lime glass for resistors, on the assumption that a d.c. 
field and sufficiently high temperature for the transport of 
sodium ions might be encountered in normal use. It is 
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intended to study this effect in more detail. The remainder 
of the results refer only to films deposited on Pyrex glass. 


Resistance changes during annealing 


In order to obtain results that could justifiably be compared, 
these measurements were carried out on over 100 films 
having the same order of resistance value (in the range 
100-150 (2/square). When the films were baked in air their 
resistance changes were measured and compared in relation- 
ship to the evaporation conditions. The largest permanent 
decrease of resistance recorded during the annealing of 
films at 300° c was 8%, but resistance increases up to 25% 
were obtained. Generally, however, the irreversible resistance 
changes were within the limits —5%, +10%. 

It was established that for the same pressure conditions, 
slowly deposited films (1 As~!) decreased in resistance after 
baking, whereas films deposited at 10As~! increased on 
baking. It was also found that if the working pressure was 
increased from 5 x 10-5 mmHg to 5 x 10-4*mm Hg by 
admitting air, then a rapidly deposited film (10 As~!) also 
showed a decrease in resistance after baking. Thus the 
resistance of a film deposited under conditions favouring gas 
absorption generally decreased on baking. If the surface 
layer of oxide did not form completely during deposition, 
then the film was further oxidized during the baking process, 
often giving rise to an increase of resistance. Very thin 
films of high resistances (above 2000 £2/square) were com- 
pletely oxidized when baked in air at 300°c and became 
virtually non-conducting. 

It was also found that the order of resistance change during 
annealing to be expected from a given set of evaporation 
conditions could not be predicted, but the direction of change, 
i.e. positive or negative, was more definite. The maximum 
variation of resistance value in any one batch of resistors 
was of the order 20%, but this was due in part to differences 
of physical dimensions. The irreversible resistance changes 
occurring upon annealing a complete batch were also variable 
in value, within the limits —5%, +10°%, but the majority of 
resistors in a batch followed the same direction of change. 
A few anomalies were observed, and could only be explained 
by bad contact or by a reaction between film and glass surface. 

After a second annealing treatment the irreversible resis- 
tance changes were in most cases less than 0:5%. It was 
found that the resistance changes up to about 150° c were 
reversible for films annealed at 300°c. Thus for most 
practical purposes, one stabilizing treatment is sufficient; 
however, the high temperature stability is improved by 
further cyclic treatment. 

The variable changes of resistance upon annealing and the 
spread of resistance values within a batch were to be expected, 
because of the possible variations in the flame-polished Pyrex 
surface and of the vacuum conditions. It is intended in 
future experiments to study the resistance changes in films 
deposited at ultra high vacuum, and to obtain a mass 
spectrogram of the residual gas atmosphere during evapora- 
tion, in order to obtain a better experimental foundation for 
analysis. 


Stability 


The results for 51 resistors within the range 10-400 Q)/square 
have been presented in the following manner. The per- 
centage change in value of each resistor has been calculated 
to the nearest 0-1% after 2000 h (nominally three months) 
on load at 1 w/in’. The number of resistors possessing the 
same resistance change has been plotted in the frequency 
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diagram (Fig. 2). It can be seen that there is a slight tow) 
overall decrease of resistance. 


es 


Frequency 


3 “2 <I ie) ! 2 3 
Percentage change of resistance [2000h att sin? |) 
during load | 


Fig. 2. Frequency diagram, the ordinate at each point corre 
sponds to the number of resistors having the same percentage#| 
resistance change (to the nearest 0-1 %) after 2000 h dissipating#| 

1 w/in2 of film area. 


The same method has been adopted for showing the stabilii}) 
of the same resistors at no load (Fig. 3) over a period |}} 
8000 h (nominally twelve months). The frequency cu 4 
shows an overall increase of resistance amounting to about 1 9 


Percentage change of resistance no load [sooo»] 


Frequency diagram showing the percentage resistance i 
changes in resistors after 8000 h at no load. 


The annealing or stabilizing treatment appears to bri . 
all the resistors to a common level, and gives a rational bas# 


Fig. 3. 


to resistor production. The on-load stability tests show 
slight overall decrease of resistance due to a long-term} 
ordering effect. The increase of resistance at no load | 
probably due to the effect of water vapour or other cor# 
taminating gases in the atmosphere. When the resistors a 
running hot (on load) these gases do not condense and t 
resistance value is unaffected. Protection during shelf lit 
can be afforded by the use of special high-temperature resi 
(e.g. epoxy or silicone resins), of the type normally used ii 
conventional resistor production.* | 


* We are grateful to the Erie Resistor Co. for carrying ou 
humidity and tropical tests on some films, which showed witho 
doubt that protection is necessary. 
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Temperature coefficient of resistance 


The curve (Fig. 4) shows the t.c.r. within the range 25-110° c 
plotted against the rate of film deposition (calculated from 
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Fig. 4. The temperature coefficient of resistance of nickel— 

chromium films is shown to be dependent on the rate of 

deposition. The films studied here were within the range 
100-150 (2/square after annealing. 


' film thickness and deposition time). These films were within 
the range 100-150 Q2/square after stabilizing, and were all 
deposited with a residual gas pressure of 5 x 10-4mm Hg 
in the evaporation chamber. The spread of t.c.r. of bulk 
80/20 nickel-chromium alloys and the t.c.r. of pure nickel 
+} and pure chromium within the same temperature range are 
4 also shown in the diagram for comparison. 

It is believed that the rate of deposition affects the tem- 
perature coefficient of resistance in two ways. Firstly, the 
‘films deposited at a slow rate are more highly oxidized by 
4 reaction with the residual gas, and secondly, one component 
of the alloy might preferentially evaporate under the passive 
evaporation conditions, particularly if the bead becomes 
unduly large, resulting in a film composition different from 
the bulk alloy (Siddall and Probyn 1961). These two effects 
combine to produce a curve of the type shown in Fig. 4. 
At low rates of deposition, the film is highly oxidized, and 
the temperature coefficient of resistance is very low. Under 
} extremely low rates of deposition (for example, when a film 
| is deposited by sublimation from a hot nickel—chromium 
| wire) the temperature coefficient is negative. We believe that 
this can be explained by a gradual change in the electronic 
4 conduction mechanism as the films become highly oxidized. 
When the film is metallic its conductivity is mainly due to 
+ the movement of the valency electrons, and the temperature 
coefficient is positive because of their interaction with the 
¥ increasing thermal oscillation of the lattice. When the film 
| is oxidized the conductivity may be due to electron defects 
} in the oxide lattice caused by excess metal atoms (i.e. non- 
} stoichiometric composition) or by trivalent cations in a 
divalent metal oxide lattice (Cr+ ++ and Ni**, for example). 
} Both these models are well known (Kubaschewski and 
4 Hopkins 1953) in the theory of semiconducting oxides. The 
4 formation of a mixed oxide and metal film would explain 
/ the negative t.c.r. observed, and the transition to a rapidly 
+ increasing positive value as the true electronic conductivity 
} becomes effective. 

As the rate of deposition is increased the deposit becomes 
more metallic but its composition remains different from the 
| bulk alloy, thus leading to the observed high values of t.c.r. 
/ Previous work by Alderson and Ashworth (1957) has shown 
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that the composition of nickel-chromium films evaporated 
from wire: in tungsten heaters is about 60% nickel, 40% 
chromium and the peak in the t.c.r. curve noted here probably 
corresponds to such a composition. At high rates of deposi- 
tion the t.c.r. decreases to that of the bulk material as the 
alloy evaporates less preferentially. 


5. Conclusions 


In this paper we have attempted to show that the practical 
limitations to the use of thin metal films for resistance ele- 
ments are now understood and that it is possible to make 
stable resistors by vacuum deposition techniques. It is shown 
that nickel-chromium films up to some 400 Q/square on 
Pyrex glass can be stabilized by annealing, and that the 
unprotected films remain stable on load, but when off load 
their resistance value increases by an average of 1°% under 
normal atmospheric conditions. 

The low value of temperature coefficient of resistance is 
an attractive feature of the vacuum-deposited nickel- 
chromium resistor, and at very low rates of deposition the 
value approaches zero. The dependence of the temperature 
coefficient of resistance on the degree of oxidation of the 
film and fractional distillation of the alloy components can 
be controlled by the evaporation rate and turned to practical 
account. 

The most important practical requirements of resistor 
production by vacuum deposition are given below. 


(i) A stable glass such as Pyrex should be used for the 
substrate. This does not rule out the possibility of 
using glazed or specially prepared ceramics. 

(ii) The substrate must be held at a temperature above 
200° c and preferably as high as 300° c during deposi- 
tion, in order to relieve internal stress in the film. 

(iii) The oxidation of the film must be roughly controlled 
by adjustment of the residual gas pressure and the 
rate of deposition in the vacuum chamber. 

(iv) The deposited film must be annealed to stabilize it. 
This stabilization can be carried out in atmosphere at a 
temperature in the range 250-350° c. 

(v) The deposited film must be protected or encapsulated 
to improve its stability under widely varying atmo- 
spheric conditions. 

(vi) Great care is needed in the choice of a suitable method 
of making contact. Many of the faults arising in thin 
film and in conventional resistor production can be 
directly attributed to contact failure. 
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Notes and comments 


1962 Annual Exhibition of The Institute of Physics and The Physical Society 


The 1962 exhibition will be held in the Old and New Halis 
of the Royal Horticultural Society, Vincent Square, West- 
minster, London, S.W.1. It will be open at the following 
times and admission will be by ticket only. 


10.30 a.m.—7 p.m. 
(Members, Students, Sub- 
scribers and Group Sub- 
scribers of the Institute and 
Society, and Press only up 


Monday, 15th January 


to 2 p.m.) 
Tuesday, 16th January 10 a.m.-9 p.m. 
Wednesday, 17th January 10a.m.—7 p.m. 
Thursday, 18th January 10 a.m.—7 p.m. 


Friday, 19th January 10 a.m.-1 p.m. 


Applications for tickets should be sent to the Secretary of 
The Institute of Physics and The Physical Society, 47 Belgrave 
Square, London, S.W.1, enclosing a stamped, addressed 
envelope to take the tickets, which measure 44 in. by 3 in. 
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The Exhibition Handbook, which contains descriptions oj}! 
exhibits and of some new devices for which space could now 
be allocated, will be published in mid-December. It is mor}} 
than a catalogue and serves as a reference book througho il 
the year. The price is 6s. per copy (2s. 6d. to Members}; 
Students and Subscribers), plus 2s. postage. i} 


During the exhibition the following lectures will be given 
Tuesday, 16th January, at 5.45 p.m. 
A physicist looks at music, by Dr. C. A. Taylor (Man | 
chester College of Science and Technology). 
Thursday, 18th January, at 5.45 p.m. 


The uses of elasticity in instrument design, by Professo 
R. V. Jones (University of Aberdeen). 


A leaflet giving abstracts of the above lectures and furthe} 
information about the exhibition may be obtained from Thd 
Institute of Physics and The Physical Society, 47 Belgravd 
Square, London, S.W.1. 
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Abstract 


A brief description is given of absolute, comparative and 
Angstrém methods of measuring thermal conductivity at 
room temperature and above. Results from various 
sources on Si, Ge, InSb, InAs and some tellurides are 
summarized and discussed. 


Introduction 


electric power generation involves the determination of 
: a number of physical parameters up to temperatures 
_ that may be as high as 1000° c. One of these parameters is 
_ the thermal conductivity; its evaluation at elevated tem- 
} peratures is, at present, the most difficult experimental 
measurement involved. 

_ If a constant heat flow Q is maintained through a sample 
. of cross-sectional area A, and thermal conductivity « then 


OQ = KAAT/Ax 


where A7/Ax is the temperature gradient produced. 

In practice Q is difficult to determine accurately owing to 
4 extraneous heat losses which increase rapidly with increasing 
temperature. Also only small samples of experimental semi- 
conductors are generally available and thus great care is 
needed to make a precise estimate of the temperature gradient. 

Present techniques may be divided into two categories: 
static and dynamic, depending on whether the temperature 
) distribution in the specimen is time-dependent. Static 
methods may be further subdivided into absolute and 
} comparative. A general description of four methods is given 
4 and the results obtained for a number of well-known semi- 
- conductors are quoted and compared. 


T= choice of a semiconductor suitable for thermo- 


2. Static methods 
2.1. Absolute axial flow 


Absolute methods involve direct measurement of the rate 
at which heat enters or leaves the specimen. Generally the 
+ sample is heated electrically and the power input measured. 
In the most common method, which is shown schematically 
_ in Fig. 1, the small electric heater produces a temperature 
gradient axially along the sample. At high temperatures 
particularly, spurious heat losses from the heater and sample 
_ must be avoided to ensure that all the measured heat input 
_ passes through the sample. In vacuum these losses will be 
_ primarily radiative and a shield must be placed around the 
| heater and the sample, with the temperature gradient in the 
shield matched to that along the sample. 

Thermocouples placed along the sample enable the tem- 
)/ perature gradient to be measured. Thermocouple wires and 
) heater leads must be kept as fine as possible to minimize 
) conduction losses along them. 
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This method has been used very successfully below room 
temperature. Above room temperature it has been used by 
Abeles (1959), Busch and Schneider (1954), Deviatkova 
(1957), Kettel (1959) and Weiss (1958). Experience has 


vacuum chamber 


d radiation shield 


furnace 
heoter 


thermocouples 
SS | P 


heat sink 


Fig. 1. Absolute axial flow measurement of thermal 


conductivity. 


shown that the prevention of heat loss is extremely difficult, 
and in some cases results have been in error at the higher 
temperatures for this reason. 


2.2. Absolute radial flow 


The heat-loss errors associated with the axial flow method 
can be eliminated by use of a radial heat flow technique which 
is illustrated in Fig. 2. 

Heat is generated along the axis of a cylinder and two 
thermocouples are placed in the sample at different radii. 
The thermal conductivity is then computed from the formula 


_ Qin(/ry) 
2a7LAT 


where r; and rz are the radial positions of the inner and 
outer thermocouples respectively. AT is the measured tem- 
perature difference for heat energy input Q with a sample 
length L. 

Slack and Glassbrenner (1960) have recently used this 
method on germanium up to 1020° k. They find theoretically 
that an error of less than 0:5% occurs from end effects if 
the length-to-diameter ratio is greater than 4 to |. Their 
sample was 1-27 cm in diameter and 6-1 cm long, dimensions 
very much smaller than those usually advocated for this 
method. The main problem as the sample becomes smaller 
is the measurement of the exact radial position of each 
thermocouple which itself has a finite size. Any error in this 
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measurement is a constant fraction, independent of tem- 
perature, and can be found by measuring the thermal con- 
ductivity of the sample by another method at one temperature 
only and comparing the results. 


thermocouples ——<+ | 


vacuum furnace 


insulating material 


thermocouples 


Fig. 2. Schematic diagram of radial flow measurement of 
thermal conductivity. 


2.3. Comparative method 


In the series comparative method shown in Fig. 3 and 
described by Stuckes and Chasmar (1956) the sample to be 
measured is sandwiched between two cylinders of known 
thermal conductivity. A guard ring reduces lateral heat losses. 
The temperature gradient in the semiconductor and in both 
standards is measured and hence the heat flowing into and 
out of the sample is known. Thus any heat loss is at once 
obvious and can be taken into account—this is a major 
advantage in high-temperature measurements. 

To minimize lateral heat losses, the temperature drop across 
the standards and the semiconductor should be kept smail 


a C 
| | sliding bridge | 
quard 
a thermocouples 
1G Lt =! 
copper base | 
PZA standard sample 


Fig. 3. Comparative measurement of thermal conductivity. 
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and approximately equal—preferably the thermal co 
ductivity of the standards and the semiconductor should || 
of the same order. | 
Two thermocouples could be placed in each standard ag} 
in the semiconductor. However, the introduction of a ther. 
couple disturbs the pattern of isothermals and the finite si} 
of the thermocouple makes the exact determination of tl} 
thermocouple separation difficult. It would be necessary | 
use long samples in order to reduce these effects. Also, sin | 
semiconductors are normally brittle, mounting thermocoupl i 
internally to give a correct indication of body temperat il) 
and not surface temperature can be a problem. | 
These difficulties can be overcome by placing good thermal| 
conducting blocks of silver or copper on either side of ty 
standards and the semiconductor, and placing the therm} 
couples in these blocks as shown in Fig. 3. This helps |} 
provide a uniform heat flow and, at the same time, t] 
position of the thermocouple is much less critical since ti 
temperature drop within the block is small compared wi 
that in the standards or the semiconductor. This techniqu 
however, introduces the problem of contacts, for it is essentj] 
that there is negligible temperature drop at each conta 
This has to be solved for each particular semiconductor a 
usually involves a thin layer of suitable solder. Electri 
conductivity measurements can be used as a check on ti} 
quality of the thermal contact. | 
In the experience of the author the contact problem hij} 
so far set a temperature limit on this method in the region }} 
450° c. It is worth remembering that this contact problef| 
is one which also has to be solved in the practical ther \ 
electric generator. 
If a suitable contact cannot be made, longer samples mu} 
be used with thermocouples in the semiconductor tse) 
The guard ring temperature distribution must then be match¢ 
over a much greater temperature range. 
Stuckes (1957, 1960), Bowers et al. (1959), Hust (1964 
have measured by the comparative method Ge, Si, InS# 
InAs and several tellurides. | 


\ 


3. Dynamic methods | 


All static measurements are made when the system h 
come into temperature equilibrium. This may take a peria 
of several hours and is unsuitable where the properties of t} 
specimen change slowly on heating. The techniques « 
dynamic measurement involve the specimen temperature 4 
a function of time as well as position and can generally 
carried out in a few moments. However, in general ti} 
methods measure thermal diffusivity, that is the ratio 4} 
thermal conductivity and heat capacity per unit volu | 
Consequently, separate determinations of the specific hed} 
and density are necessary to obtain thermal conductivitie} 
There is a large number of heat capacity values available i 
the literature and since it does not usually change rapidif 
with temperature, values extrapolated to the required ten 
perature can often be obtained. | 


! 
| 
| 


3.1. Angstrém method | 
This method, devised originally by Angstrom (186 i 
involves subjecting one end of a bar specimen to a period4 
temperature variation. When such a thermal wave is props 
gated in a medium, the amplitude and phase at any pois} 
depend on the properties of the medium and frequency 4 
the wave. Comparison of the amplitude and phase at tw 
points enables the thermal diffusivity to be measured. 
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{t can be shown (Carslaw and Jaeger 1959) that if the 
distance between two points in a semi-infinite bar is WETS 
the periodic time, 6 the phase difference and g the ratio of 
amplitudes, then the thermal diffusivity « is given by 

aL? 

. TB Ing 
This assumes (i) that the bar is of such small cross section 
that the temperature across it does not vary, (ii) that it is 
losing heat by radiation only to a medium of constant tem- 
perature, which is also the initial temperature of the rod, 
and (iii) that the physical properties of the specimen should 
be invariant within the range of temperature variations 
along it. 

These assumptions can be achieved fairly closely in practice 
so that thermal diffusivity can be measured at high tem- 
peratures without error due to heat losses. 

Sidles and Danielson (1954) used this method to measure 
) metals up to 500° c using very long samples of small diameter. 
# Abeles et al. (1960) have recently adapted it to measure 
( germanium up to 800°c. By using a higher frequency they 
+ reduced radiation effects and enabled shorter samples to be 
used. This also reduced the measuring time, which is 
_ important since the ambient temperature should not vary 
during the time required to take a measurement by more 
| than a fraction of the smallest amplitude of temperature 
measured. Since this is a fraction of a degree, this is a 
| stringent requirement. 

The technique of Abeles is illustrated in Fig. 4. Three 
thermocouples were attached to the sample which was 2 in. 


sample 


thermocouples 


XY 
recorder 


sinusoidal 
source 


Fig. 4. Measurement of thermal diffusivity by Angstrom 
method. 


4 long by 0-09 in* and connected to a switch so that the 
output from any one thermocouple could be fed through an 
4 amplifier. This selected and amplified only the sinusoidal 
component which was fed to the X plate of an X-Y recorder. 
_A reference voltage from the sinusoidal source supplying the 
} heater was fed through a calibrated phase shift device to the 
| Y input of the recorder. The phase was adjusted until a 
| straight-line Lissajous figure was obtained and thus both the 
} difference in phase and amplitude between adjacent thermo- 
# couples could be measured. 

4 The use of a suitable filter eliminated slow temperature 
} variations of the signal, and data could be taken while the 
| furnace temperature was drifting. 

Difficulty was encountered in attaching thermocouples to 
| the semiconductor so that they followed the temperature 
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without lag. It was also found that most metallic thermo- 
couples formed eutectics with the semiconductor, well below 
its melting point. These difficulties were overcome by 
utilizing the thermal e.m.f. of the semiconductor itself for 
measuring the relative temperature differences along the 
sample. Three probes of tungsten were welded along the 
sample and the e.m.f. between pairs of probes was amplified 
in place of the thermocouple voltage. Thermal lag was 
eliminated since electrical contacts only were involved. 

In addition to the results for Ge, high-temperature measure- 
ments by this technique have been published by Kanai and 
Nii (1959) for PbTe and InSb. 

It seems likely that this method will become increasingly 
important as measurements are extended to higher tem- 
peratures. Even if there is insufficient specific heat data to 
obtain thermal conductivity, at least the method can be used 
to find appreciable changes in thermal conductivity since the 
specific heat changes very little at high temperatures. 


4. Results 


Although there have been few published measurements of 
the thermal conductivities of semiconductors above room 
temperature, comparison of results on the same material 
indicate the relative reliability of the various methods of 
measurement. Ideally, lattice thermal conductivities should 
be compared since the electronic contribution will vary with 
electrical conductivity and increase with temperature. How- 
ever, so long as the semiconductors are reasonably pure and 
the measurements are over a temperature range in which the 
conduction is extrinsic, the electronic contribution is unlikely 
to be large. 

The measurements discussed are summarized in the Table, 
which indicates the material, method of measurement and 
range of temperature involved. 


Temperature 


Material Method range, °K Author 

Ge Absolute axial flow 300-1080 Abeles (1959) 
Absolute axial flow 500-1000 Kettel (1959) 
Absolute radial flow 300-1020 Slack & Glass- 

brenner (1960) 

Si Comparative 320-700  Stuckes (1960) 
Angstrom 300-1070 Abeles et al. (1960) 
Comparative 320-570  Stuckes (1960) 
Comparative 300-700 Hust (1961) 

InSb Absolute axial flow 77-770 Busch & Schneider 

(1954) 
Absolute axial flow 250-700 Weiss (1958) 
Comparative 300-770 Bowers et al. (1959) 
Comparative 320-700  Stuckes (1957) 
Angstrém 225-450 Kanai & Nii (1959) 

InAs Comparative 300-770 Bowers etal. (1959) 
Comparative 320-700  Stuckes (1960) 

GaAs Comparative 320-650 Stuckes (unpub- 

lished) 

PbTe Absolute axial flow 100-450 Deviatkova (1957) 
Angstrom 110-650 Kanai & Nii (1959) 
Comparative 320-600  Stuckes (unpub- 

lished) 

CdTe Comparative 320-600 Chasmar et al. 

(1960) 

In,Te,; Comparative 320-700  Stuckes (unpub- 

lished) 


Results for germanium and silicon are given in Fig. 5. 
Only two measurements on silicon have been reported 
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(Stuckes 1960, Hust 1961) both using a comparative tech- 
nique, and reasonable agreement was obtained. Several 
measurements on germanium have been published. There 


parative, the radial flow and the Angstrom methods are i} 
good agreement. Where results using other techniques ar 
not available (Si, InAs) measurements by different worke ‘i 
using the comparative method are consistent with each other 


0005 =a ae i ee | 
Material Curve Source 0:10 ir nSb | 
+ 1 | 
| |Stuckes ee Material|“U¥} Source 
025H Ss | 
2 [Hust | 009 : Busch & Schneider GaAs | 
7 il | Weiss || 
3 | Kettel || 
InSb | 5 |Stuckes =i} 
aa Ge 3 aie —! ial 4 |Bowers et al. | 
xs) 6 eee et al _|5 [Kanai Nii 
» 7 |plock & ] 0:07 6 | Bowers et al. 
lossbrenner | “77 
& 0415p _1__lblas InAs | 7 |Stuckes 
: 0-06 Stuckes Jinas i 
~ O40 GaAs | 8 | Cunpublished) H|) 
0705 ar 
a 
oe S§ 0:04 
: | 
ee eae ~ 0-03 r 
15 10 15 6 20 25 30 35 
10_ 
TK 0-02 
Fig. 5. Thermal conductivity of germanium and silicon. 
is remarkably good agreement between the radial flow O01 
absolute measurement of Slack and Glassbrenner (1960) and 


the comparative results (Stuckes 1960). The dotted line, 
which is very near the above results, indicates the order of 
magnitude of thermal conductivity obtained from the thermal 
diffusivity measurements of Abeles (1960). Accurate com- 
parison is not possible owing to lack of specific heat data 
above room temperature. The room temperature value of 
specific heat (Flubacher et al. 1959) has been used to fix the 
low temperature end; at 1000° kK, which is well above the 
Debye temperature, an atomic heat at constant volume of 
5:96 cal/g atom has been assumed. The results of Abeles 
(1959) and Kettel (1959) from absolute axial flow methods 
are somewhat higher. In particular the results of Kettel are 
of a different form, showing a gradual increase in thermal 
conductivity from a comparatively low temperature, which 
cannot be explained in terms of an electronic contribution. 
It is possible that radiation losses from the heater and sample 
were not eliminated, an error which would increase with 
increasing temperature and lead to an apparently high value 
of thermal conductivity. 

Similar, apparently spuriously high, results for indium 
antimonide have been obtained by Busch and Schneider (1954) 
and by Weiss (1958) using an absolute method as indicated in 
Fig. 6. Results from the comparative method and the 
Angstrom method are in good agreement. Results quoted 
for indium arsenide and gallium arsenide were obtained by 
comparative methods. 

The thermal conductivity of some tellurides is given in 
Fig. 7. The results for lead telluride obtained by Deviatkova 
(1957) with an absolute method again show a marked 
divergence from those obtained by comparative and Angstrom 
methods. The divergence at high temperatures between the 
latter two results is probably due to the electronic contribution. 

Some new results on cadmium telluride and indium 
telluride have also been included. 


5. Conclusions 


Examination of the results for Ge and InSb which have 
been measured by many techniques, indicate that the com- 
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29 


19 1° 20 
K 


Fig. 6. Thermal conductivity of some group III-V 
compounds. 


This method would thus seem reliable and most suitable wherd} 
only small specimens can be obtained. Using larger speci 
mens, the absolute radial flow method is probably to bé¢ 
preferred since it enables measurements to be taken to highe#} 


— 


| alee | 


Materialfcund Source 

0-012 0. 
' | Deviatkova 

Pbte |2 {Kanai Nii 
0-010 3 | tuches shed! 

care | [eosmas 
POE 5 Stuckes 

Ino Tex (unpublished) 


k cal (cm s°C)7! 


Fig. 7. Thermal conductivity of some tellurides. 


temperatures without an associated thermal contact problem.! 
The Angstrém method has the advantage of speed and, if 


specific heat data are available, is suitable for measurements! 
to very high temperatures. 
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1960-61 are now available (price 25s. each). Further details 


and membership forms can be obtained from the Hon. 
| Secretary, Suite 7, 167 Victoria Street, London, S.W.1. 


| London International Engineering Exhibition, 1963 


The London International Engineering Exhibition, formerly 


_ the Engineering, Marine, Welding and Nuclear Energy 


Exhibition, will be held at Olympia and Earls Court from 
It will be organized by F. W. 


The heavier exhibits, including a welding section, will on 


_ the whole be displayed at Olympia and electrical engineering 
and lighter products at Earls Court. 


Further information may be obtained from James 
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Colour Group (Great Britain) 


The Colour Group (Great Britain) arranges about eight 
meetings a year for those interested in all aspects of colour 
and related aspects of vision. Visits, conferences and 
exhibitions are also held from time to time. All enquiries 
should be addressed to the Hon. Secretary, Mr. F, J. B. 
Wall, Ilford Ltd., Brentwood, Essex. 

This was originally one of the specialist groups of the 
Physical Society and it is hoped it will have a successful 
future. 


Second International Conference of Cybernetic Medicine, 1962 


The Second International Conference of Cybernetic 
Medicine will be held in Amsterdam, The Netherlands, from 
16-19 April, 1962. 

The main sections of the Congress will be: Symposium on 
cybernetics of the nervous system; Symposium on cybernetics 
of endocrine glands; Free communications. 

Further information can be obtained from Dr. J. P. Schadé, 
Secretary General, Netherlands Central Institute for Brain 
Research, Mauritskade 59b, Amsterdam, The Netherlands, 
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Abstract 


A rapid method of measuring the dielectric parameters of 
liquids and solutions in the frequency range 250 to 
900 Mc/s is described. The method adopted is a variation 
of the one due to Roberts and von Hippel, but involves 
far less mathematical labour. Permittivities may be 
measured to an accuracy of +2% and loss tangents to 
+ 1 x 10-3 or +5% (whichever is the greater). 


Introduction 


parameters of materials are measured using dis- 

tributed circuits, and the results often calculated by 
the method of Roberts and von Hippel (1946, von Hippel 
1954, p. 63). This involves measuring the standing wave 
pattern set up in the coaxial line or wave-guide when the 
imput signal is reflected at a short circuit termination placed 
immediately behind the dielectric. The method and experi- 
mental procedure has been described by Williams (1959). 
One disadvantage with this general method is the large 
amount of mathematical labour involved in calculating the 
dielectric parameters from the standing wave pattern. Thus, 
the equation 


tanh y.d { s — j tan (27x9/A;) } 
yd jB,da == ifs) tan (27rxX9/A,)) 


iN frequencies above about 250 Mc/s the dielectric 


(1) 


(where y, is the propagation constant of a dielectric sample 
of depth d, s the inverse voltage standing wave ratio, xo the 
distance of the first node of the standing wave pattern in 
air from the dielectric surface, A, the free space wavelength 
of the radiation, 8, the phase constant of the incident radia- 
tion, and j = »/ — 1) has to be solved for y. Charts are 
available for this purpose (von Hippel 1954, p. 86), and the 
sample permittivity «’ and loss tangent tan 6 may then be 
calculated. 

Dakin and Works (1947) have shown that for medium and 
low loss materials Eqn (1) may be written as 


(34) i (=) 


ay AS Bodf1 + tan? (277X9/A,)} | 
ne ( d ye ar tan? Bd) = tal Bod Cy 


(after separating the real and imaginary components) where 


tan Bod | 
Bod 
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8 is the phase constant of the dielectric, and Ax the cor 
tribution of the dielectric to the width (at twice the minimur| 


power) of the standing wave in air. If, however, the dept: 
of the sample is adjusted to an integral number of half 
wavelengths, or an odd integral number of quartef| 
wavelengths of the radiation in the sample, the mathe} 
matical labour becomes trivial (von Hippel 1954, p. 119) 
Thus, for an integral number of half wavelengths in t 
sample the permittivity ¢«’ and loss tangent tan 6 ar 
given by 


perpen (344 
2d 
and tan 6 = = BE 


where m is the number of half wavelengths in the dielectri 
of depth d. Similarly, for an odd number of quarter wave 
lengths in the sample 


Pa TINYe 
=a, (4a 
Ax 
d = 
an tan 6 4 (4 


Apparatus 


A General Radio (GR) oscillator (type 1209B) of frequency 
range 250-920 Mc/s injects a singal into a horizontall 
placed GR874-LBA slotted line of 50 ohms characteristid} 
impedance. The measuring cell (see Figure) is attached} 
vertically to the slotted line by a right angle joint (GR type) 
874EL) and GR874 coaxial connectors. The standing} 
wave pattern in the slotted line is measured using a probe} 
as described by Williams (1959). H | 

The measuring cell is constructed from a 30 cm length ot 
coaxial line (50 ohms characteristic impedance) cut abou 
10 cm from one end. Flanges are built on the outer conducto 
on either side of the cut, and these hold a thin (aboull 
0-3mm) polythene (or other non-polar, inert materiall] 
diaphragm in position. The inner conductor is reassembled} 
by a coupling stud passing through a small hole in the 
diaphragm. This arrangement forms a liquid tight seal. AY 
phosphor bronze short circuit moves inside the coaxial linel 
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making electrical contact with the inner and outer conductors 
by two phosphor bronze ring springs. A small vent, drilled 
in the short circuit, allows displacement of the liquid on 
moving the short circuit. Two rigid rods connect the short 
circuit to a coarse and fine adjusting mechanism, whose 
movement is monitored by a cathatometer focused on a 
reference mark. 


_ outer conductor 
14-25 mm inside dia 


= _ inner conductor 
S ee 635 mm dia 
a 
J me vent 
H oe 
H 
HSS Short circuit 
| (phosphor bronze) 
, — fing springs 
/ 
{ os (phosphor bronze) 
y a _— coupling stud 
S K eee 
N is _ diaphragm 
IN is ; 
N IN pers 
& IN A 
N R 
ips SS. SI 
SS 


LLLEETLLL, 
C2777 LT 


f 
ss 


Measuring cell: detail of short circuit and diaphragm. 


{Experimental procedure at a given frequency, and calculations 
of the results 


Half wavelength measurements 


| With the short circuit removed the cell is filled with liquid. 
|The former is replaced and moved until in contact with the 
idiaphragm. The position of the standing wave voltage 
‘minimum in the slotted line and its width Axo at twice 
‘minimum power are measured using the probe. This width 
is a measure of the attenuation due to the system between 
‘the probe and the bottom of the liquid column. The short 
circuit is then moved through the liquid until a voltage 
minimum reappears at the probe, and the distance moved d 
equals a half wavelength for the radiation in the liquid. 
This distance, substituted in Eqn (3a), yields the permittivity 
lof the dielectric. The width Ax, of the voltage minimum is 
yalso measured, and the difference between this reading and 

the one obtained with the short circuit at the diaphragm gives 
ithe apparent contribution due to the loss in the liquid 
(ie. Ax = Ax, — Axo). By substitution in Eqn (3) the 
apparent loss tangent of the liquid is determined, and when 
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corrected for any wall loss in measuring cell gives the liquid 
loss tangent. The procedure may then be repeated for any 
further half wavelengths in the liquid. 


Quarter wavelength measurement 


Here the probe is set at an integral number of quarter 
wavelengths from the diaphragm and the position of the short 
circuit adjusted until a voltage minimum appears at the probe 
when the cell is filled with liquid. The distance d between 
the diaphragm and short circuit (measured in the same way 
as for the half wavelength determination) is substituted in 
Eqn (4a), thus giving the permittivity of the sample. The 
width of the voltage minimum is also measured, and when 
corrected for any losses in the slotted line and the diaphragm, 
gives the value of Ax to be substituted in Eqn (46). The 
resulting loss tangent is finally corrected for any wall loss 
in the cell. 

The calculation of the dielectric parameters may be illus- 
trated with the results for water. Due to the permittivity e’ 
term in the denominator of the expression for tan 6 in the 
quarter wave Eqn (4b), the measured Ax is greater for 
quarter wave measurements than it is for half wavelength 
measurements. For water (e’ = 80:4) the Ax values are so 
large at a quarter wavelength that accurate measurements 
are only possible at half wavelengths in the liquid. The 
experimental determinations and calculation of the results 
for water at 900 Mc/s and 20° c are shown in Table 1. 


Table. 1. Calculation of the results for water at 20° c and 
900 Mc/s 
Wavelength incident radiation in air = A, = 33-48 cm 
i ya 
misters eee (ep) gram gate ag) ee 
0 35:04 0 0-132 0 
1 36-90 1:86 0-226 0-094 81-0 50-5 
Ds Oeulil: 3°73, 02329. 10°197. 80:6 52°8 
3 40-65 5:61 0:429 0-297 80-1 52-9 
4 42-52 7°48 @:519 0-387 80-1 Silo7 
5 44-39 9-35 0-603 0-471 80-1 50:4 
Gr 46-26 22 O69 TO 559 80-1 49-8 


m = number of half wavelengths in sample; d = distance moved 
by short circuit from m = 0; Ax(m) = width voltage minimum; 

x = Ax(m = m) — Ax(m = 0); tan 6 = Ax/d. Mean 
e) — 803.2 0-72 meanttanioi— O14 se lO) GlOR?: 


This measured loss tangent, however, includes a contri- 
bution due to a wall loss of 1:0 x 107? in the measuring 
cell. This must be subtracted from the measured loss in 
order to obtain the true loss tangent of the water. Hence, 
tan 5 (water) = (50:4 + 1-6)10-3. These values agree well 
with the literature ones (see below). 


Experimental results 


The experimental results for a variety of systems (together 
with the corresponding literature values) are given in Table 2. 
The systems were chosen to illustrate cases of high and low 
permittivities, and also medium and low loss tangents. All 
materials were purified before use and their physical constants 
agreed with the literature values. 

The literature values were calculated from the data 
tabulated by Buckley and Maryott (1958). 

It is seen from the tabie that good agreement is obtained 
between the experimentally determined values and those 
quoted in the literature. 
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Table 2. Experimental determinations at 20° c 
squenc Experimental valu Literature values 
System Re nate sued o Nels ? a n eon x 103 € tan d x 103 
Water Half 900 80-32 0-7 SOE 2 80-4 49-5 
350 81-0) + 0-2 19S" 80-4 19-4 
Chlorobenzene Quarter 900 5°68 + 0°02 39 +2 5-69 36°5 
350 5262 14 5-69 14-2 
Half 900 eo (hleae (Walib) 3h) ae 2 5-69 36°5 
400 sei ar (es) I ae 2 S(O 16-3 | 
Benzene Quarter 900 2:28 1:1 D228 0 | 
350 226 Lets Did S 0) i 
Half 900 2:28 0 DS 0 |) 
640 2:28 0 2-28 0) | 
Benzophenone in benzene Quarter 900 DSi Das 2°8 
(10-58 g/l.) 350 2°37 1-6 1-1 ¥i 


Conclusions 


At present the apparatus is capable of determining permit- 
tivities to an accuracy of about +2%, and loss tangents to 
at least +1 x 10-3 or +5°% (whichever is the greater). 

The method has a number of advantages over the general 
procedure of Roberts and von Hippel. The time taken for 
the experimental determination and calculation is very much 
reduced. Thus, measurement and calculation at three 
frequencies using the general method often take up to six 
hours, whereas the same information is obtained in about 
two hours by the method described in this paper. Another 
difficulty with the general method is that the liquid meniscus 
introduces some uncertainty into the determination of the 
correct liquid depth, and hence increases the error in the 
measured dielectric parameters. This error increases with 
increasing permittivity of the liquid. In the apparatus 
described the dielectric is supported on a diaphragm and the 
short circuit immersed in the liquid, and these meniscus 
effects are thus eliminated. 

The apparatus may be used over any frequency range 
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where standing wave methods are employed for dielects 
determinations. 
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On the transfer relation of a manometer for liquid 


level measurements 
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Abstract 


The relation between the motion of a mercury surface in 
a manometer for liquid level measurements, and that of 
the liquid to which it is connected, has been deduced and 
Bods have been worked out for making this relation 
inear. 


1. Introduction 


HE principle of a manometer is well known in con- 
nection with the measurement of gas pressures. 


I Recently Ray, Dutta Roy and Daskaviraj (1961) 
| devised a simple method for its application in measuring a 
The apparatus is shown in Fig. 1. The 


|. varying water level. 


recorder 


cathode 
follower 


ferrite rod” 


Fig. 1. Water level recorder utilizing the principle of a 
manometer. (Ray, Dutta Roy and Daskaviraj 1961.) 


\U-tube is initially filled with mercury up to an appropriate 
height and the side tube is then immersed in water whose 
‘evel is to be measured. As the water level rises the air 
enclosed in the side tube and part of the U-tube is com- 
loressed, causing a difference in level of mercury in the two 
jarms of the U-tube. A ferrite rod floats in the arm of the 
\U-tube open to the atmosphere and acts as a core of variable 
(depth of immersion in a transformer T wound on the surface 
pf the U-tube. A constant audio-frequency voltage is 
|njected into the primary, and the induced voltage in the 
secondary, which varies according to level fluctuations, is 
iumplified, detected and recorded. 

| Although the overall response of the system depends on 


by S. DUTTA ROY, M.Sc.(Tech.), River Research Institute, West Bengal, India 


and R are two points on the same horizontal plane as the 
lower face of the side tube and S and T are similar points 
on the two arms of the U-tube. p, and p, denote the 
densities of liquids 1 and 2 respectively, h, and A; are 
respectively the rises of liquid level outside and inside the 


arm 2 


level with 
heshj «0 


repre ly 
yt 
Hu 


Verena) yl 
— 
Ag 
= 


Fig. 2. Showing the symbols adopted for analysis. 


side tube, A and a are the areas of cross section of side tube 
and U-tube respectively (both internal, assumed to be uniform 
throughout), ZL is the total length of the side tube and 
1=1, +1, +], is the length of the U-tube from the upper 
end of the side tube to the original level (i.e. when h, = h; = 0) 
of liquid 2 in arm 1 of the U-tube, 4x is the depression in arm 1 
which is also equal to the rise in arm 2 due to a rise h, of 
liquid 1. 

By the transfer relation of the manometer, we mean the 
relation between h, and x. Let P and P’ denote respectively 
the atmospheric pressure and the pressure of the gas enclosed, 
in absolute units. Po, Pr, Ps and Pr are the pressures at 
the points Q, R, S and T respectively, in the same units. Let 


\he manometer as well as the transformer, a linear relation P = Hpog (1) 
Jor the former is highly desirable for the many possible uses 44g 
»f the manometer, with or without the transducing — 
jwrrangement. = p/p>. 
Then since Ps = Py and Pg = Pr, we have the two relations 
2. The transfer relation of the manometer 
: P’ =P + xpog (2) 
For deducing the transfer relation of the manometer, we 

\hall consider the simplified system of Fig. 2. In this, Q P’ + hipyg = P + hepye. (3) 
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From Egns (2) and (3) we have 


P+ xp2g + hipig = P + hepis 
or 
x = (h, — hj)d. (4) 
Eqn (4) expresses the transfer relation of the manometer in 


terms of an unknown quantity h;. To a first approximation, 
we can assume that /; < h,, so that 


Nig (5) 


To derive an accurate expression, 4; must be eliminated from 
Eqn (4). We can do this by using Boyle’s law for gases. 
We shall assume that the variations in level are slow so that 
the gas is subjected to isothermal changes only. The adiabatic 
case will be discussed in § 5. 

The initial pressure of the gas enclosed is P and the initial 
volume is AL + al. The final pressure and volume are 
respectively P + xp,g and (L —hj)A + (1 +4x)a. There- 
fore, by Boyle’s law, 


P(AL +.al) =(P + xpog) (L—he + x/NA+(U+40)0} © 
where h; has been expressed in terms of 4, and x from Egn (4). 
Eqn (6) can be simplified as 

P{(A/A + 4a)x — Ah} 

+ xpyg{AL + al — Ah, + (A/A + 4a)x} = 0. (1) 
Combining Eqns (7) and (1) and simplifying, we have 
x(A/A + 4a) — xh,A + x{AL 4+ al + H(A/X + 4a)} 

—h,AH =0. (8) 
This represents a hyperbola and is an accurate expression 


for the manometer transfer relation. In order to see how 
x varies with /,, we write Eqn (8) in the form 


__ x[(A/A + 4a)x + {AL 4+ al + H(A/A + 4a)}] 
A(H + x) ‘ 


For values of x < H, the second term in the numerator far 
outweighs the first term, so that 


_ {AL + al + H(A/A + 4a)} 
g = ; (10) 


Non-linearity in the curve of A, against x will thus be shown 
at higher values of x only. 


he (9) 


he 


3. Conversion of the non-linear relation to a linear one 


The non-linear relation (8) can be converted to a perfectly 
linear one by using a side tube of non-uniform cross section, 
ie. by using a side tube whose cross section at a particular 
height A, is a function of A,, and correspondingly of 4;, 
say $(hj). 

From Eqn (4), we note that if h, is linearly related to h;, 
then a linear relation will be obtained between x and h, also. 
Thus if 


he = jh; (11) 
we shall have 
x= Vw = 1h; = V;h; (12a) 
Au — 1h 
_ Ae , ie oR (125) 


where the constants v; and v, are both positive because pp > 1. 
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With a side tube of non-uniform cross section, 
relation (6) is modified to 


L 
0 


v6, 
— CE + xpr0){ | p(hj)d h; == (I Ae oat ( 
hy 


Substituting for P and x from Eqns (1) and (4), we have 


iL 
| bhidh; + al} = {H+ Nh, = bp} 
0 


L 

| J diya + all + ANG, — ny) | (t 

Let | 
L 

V = | $a)dhy 
0 


represent the total internal volume of the side tube. 
left-hand side of Eqn (14), H(V + al) is a constant, equal | 
B, say. Also to find the form of (A) for a linear relati¢ 
between x and h,, we substitute in Eqn (14) the desir 
relation (11). We obtain 


{H + Nw — Dhi} 


G 
| J dena + all + SAC Dn} = B.—@il 


From Egns (15) and (12), we have 


L 
(H = nh J sera + all -- mia —— B 


or ? 2 
|, denan (Geant a | 
where 7 = al and 6 = 4av;. Let 


| dddh; = Fh) + Ko a 


where Ko is a constant. Then from Eqns (16) and (17), 
have 


F(L) — F(h) = —( +5). all 


B 
(H + yh) 
Differentiating both sides of (18), we have 


Fh) = Hh) = Gre +8. 


+ vii) 


For convenience, we write ¢(;) in the form 


ot | 
OE cetera as} 
where | 
%& = 6 = tarX(u — 1) 
a, = By, = HA(u — 1)(V + al) 
a, = H 
and 


a = y= Au — 1). 


Eqn (19) gives the nature of non-uniformity required fd 
making the transfer relation perfectly linear. 
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4. Practical realization 


We next consider the question of how physical structures 
can be made to obey Eqn (19). A look at this equation 
reveals two facts: (i) the cross section has a constant and a 
variable term; (ii) the cross section decreases with increasing hj. 
Two simple cases will be considered: Case I. Rectangular 
cross section. Case I. Circular cross section. 

Case I. The physical shape is shown in Fig. 3. With the 
symbols adopted in this figure, we require to know the 


(a) 
Non-uniform side tubes that can be used for 
linearization of the transfer relation (a) case I, rectangular 

cross section; (6) case II, circular cross section. 


(0) 
Biv: 


relation between y and h; for practical construction of the 


tube. A typical cross section A at a height h; has the area 


f(hi) = b(ay + Y) = ab + by. (20) 


' Equating the right-hand sides of Eqns (19) and (20), we can 


' write 
agb = X, 
and 
al 
by = -————_ 
(eq ¥ ashi? 
i or, 


Wa + o3h;)? = a/b (21) 


_which gives the desired relation between Ai and y. DE (or 
' BC) will therefore be a third degree curve. 


5. Transfer relation for the adiabatic case 


When the level fluctuations are rapid, the analysis of § 2 
does not hold, because Boyle’s law applies to the isothermal 
case only. For the adiabatic case, Eqn (6) modifies to 


A(AL + al)’ = (H + x{L —h, + x/A)A + (+ 4x)a}Y (25) 


where y is the ratio C,/C, for the gas enclosed: C, and Cy, 
are the specific heats under constant pressure and volume 
respectively. Eqn (25) can be simplified as 


H(AL + al)¥ = (H + xf{AL + al + x(A/A + 4a) — Ah.}¥ 


or, 
x _ x(A/A + $a) heA )* 
(1 +2) ea AL alf = e®) 
leet 
lla Oe ASO ee 
AL +: Gl tae Chane Gp ante 


We note that both m and nv are Jess than unity. 
m <1, and n < 1 for practical cases. 


In fact, 
Eqn (26) now trans- 


forms to 
(+ x/A){l + Gnx = nh,)X =1 
or, 
(Ga) (ey (i Ena ae ae) (eee = {| 
7 a 7 is See : 


Neglecting the square and other higher power terms, we have 
(1 + 2/H){1 ++ y@nx —nh,)} =1 
or, 
x’ym — xheyn + x(1 + ymH) —heynH =0. (27) 


Eqn (27) which gives the transfer relation for the adiabatic 
case is of the same form as Eqn (8) of § 2 and the same remarks 
apply here also. Again the coefficients of x and h, pre- 
dominate and non-linearity occurs at high values of h, only. 


6. Linearization for the adiabatic case 


For the adiabatic case, Eqn (15) is modified to 


L if 
(i + wy rnd h, + ad + itd} =K 


Case II. The physical shape is shown in Fig. 3(5). A where 
_ typical cross section A has the area * . 
ph) = ar? (22) K= 114 | doa + al} = constant. 
_where r is the radius at a height 4;. From Eqns (22) and Therefore. 
(19), we have 
Zee ott Mek Us 23 z r K 
te ei (23) Jpeoan, aay (28) 
| This gives the equation to the curve DE (or BO), which is It can be shown that (/)) is of the form 
| now a fourth degree one. The maximum and minimum 
| radii are given by Avy $ ye ors wy (29) 
(cq + & 1/009“) (w, + wh)! +z 
UBB NA ee ee oe 
, (24) where wo, w1, W>, w3 are constants. The equations for the 
eal 1 physical structures corresponding to the cases I and II of 
eae ee | a (a. + «3L)? 7 §4 can be worked out in a similar manner from Eqn (29). 
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In case I, the resulting equation will be of (2 + 1/y)th degree 
while that for case II will be of degree 3 + 1/y. 
Acknowledgments 


This work is published with the kind permission of Shri 
B. Maitra, Director, River Research Institute, West Bengal, 


India. The author thanks Shri N. Majumdar for helpé| 
discussions. 


Reference 


Ray, P. B., Dutra Roy, S., and DAsKAvirAJ, S. K., 194 
Irrigation and Power (India), 18, 138. || 


Notes and comments 


British Standards 


We have recently received the following British Standards: 
B.S. 526: 1961, Definitions of the calorific value of fuels; 
B.S. 1193: 1961, Specification for sizes of sensitized materials 
for recording instruments; B.S. 1928: 1961, Specification for 
gramophone records and reproducing equipment. 

These are available, price 6s., from British Standards House, 
2 Park Street, London, W.1. 


Notes on the British Iron and Steel Association Open Days 


The British Iron and Steel Association has compiled a set 
of notes on the exhibits which were displayed at their open 
days at Sheffield in June, for the information both of those 
who were able to attend the open days and to others interested 
in the Association’s work. 

Copies of these notes are available, free of charge, from 
The Information Officer, Development and Information 
Services, British Iron and Steel Association, 11 Park Lane, 
London, W.1. 


Diamonds in Industry 


We have received a copy of the booklet Diamonds in 
Industry which has been published by the Industrial Dia- 
mond Information Bureau. It has been prepared for students 
and engineers and contains information under the headings 
of The hardness of diamond, Gem polishing, Grinding wheels, 
Glass working, Dressing and truing, Honing and lapping, 
Diamond saws, Diamonds for drilling, Diamonds for lathe 
tools and wire drawing dies, Non-cutting uses of diamond 
and New applications. 

Copies may be obtained, free of charge, from the Industrial 
Diamond Information Bureau, 2 Charterhouse Street, 
London, E.C.1. 
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Conference on ‘The Ionosphere’ 


The Institute of Physics and The Physical Society announc} 
that it is arranging a conference on ‘The Ionosphere’ to tal | 
place in London from 2nd—6th July, 1962. It is intended |) 
a working conference and no social activities are planne}} 
The subjects to be covered and the opening speakers a 
Ionospheric Constitution and Ionizing Radiations by Dh 
Washington; Geomagnetism and the Ionosphere by DI | 
C. O. Hines of the Defence Research Telecommunicatio#}! 
Establishment, Ottawa; Irregularities in the Ionosphere ¥ 
Dr. B. H. Briggs of the Cavendish Laboratory, Cambridgy 
Mathematics of Wave Propagation through the Ionosphe} 
by Professor H. G. Booker of Cornell University. 

Each of these principal sessions will be opened by tif 
named speaker and offers of other contributions are invited) 
These should be accompanied by an abstract of 100~-i3} 
words each and be sent to the Chairman of the Organizi 
Committee, Mr. J. A. Ratcliffe, at the Radio Researd 
Station, Ditton Park, Slough, Bucks, before 1st March nes} 
The final scripts will be required by 1st June, 1962, and it | 
hoped that publication of the proceedings of the conferenif/ 
will take place very soon after the close of the conferend} 
The official languages of the conference will be English anf 
French but whenever possible papers and abstracts shoul 
be presented in English. The organizers are not proposi 
at present to make any special arrangements for acco 
modation for those attending the conference. Those wishisf) 
to do so are strongly advised to book hotel accommodatiaf} 
in London very early in the New Year. Foreign visitaf} 
would be assisted by the London Hotels Information Servial 
88 Brook Street, London, W.1. 

Further particulars will be available at the end of Maref 
from the Administration Assistant, The Institute of Physics a 
The Physical Society, 47 Belgrave Square, London, S.W.1.] 
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Abstract 


Crystals of GaP and GaAs were grown from the vapour 
at about 900° c using an iodide process. The crystals 
were deposited on a localized cold spot and their initial 
growth could be readily observed. Single crystal samples 
of GaP had resistivities of the order of 5 X 10° ohm cm. 
The concentration of iodine in the GaP crystals was found 
to be less than 2 parts in 108. A p-type sample of GaAs 
was grown at less than 800° c which had a Hall coefficient 
} of 53 cm? coulomb-!. 


1. Introduction 


HE growth of small crystals of the semiconducting 
| compounds GaP, GaAs, InP and InAs using a tech- 

nique based on the disproportionation of the lower 
halides of gallium and indium has already been described in 
ja previous publication (Antell 1959). The object of the 
iv present work has been to investigate a method of growing 
*) larger crystals of GaP and GaAs using the iodides of gallium. 
‘The main interest has been in the growth of GaP, since, with 
ivits very high melting point above 1300° c and a dissociation 
“vapour pressure of phosphorus of many atmospheres over 
i the melt, the more orthodox methods of growing crystals by 
ii pulling from the melt, etc., raise very serious problems.* 
a Growth of GaP from the vapour phase by the method 


2. Basic reaction 


The growth of crystals of GaP from the vapour phase is 
| based on the following overall equation: 


3Gal + 2P = Gal; + 2GaP. (1) 


1 As the temperature is raised the reaction tends to proceed 
from right to left until a new equilibrium is attained. In other 
‘words, as the temperature of the reaction rises some of the 
|solid GaP is transferred to the vapour phase. Conversely, if 
ithe temperature of the reactants is lowered then crystals of 
,GaP are deposited. 
| If a reaction tube containing the reactants on the right- 
| hand side of Eqn (1) is placed in a temperature gradient with 
ithe GaP at the hotter end, it is found that crystals of GaP 
}grow at the cool end of the tube. This process may be 
/understood as follows. At the hot end of the reaction tube 
| the proportion of Gal in the vapour increases by the absorp- 


! 


| * Since this work was written it has been announced (Frosch 
1961) that GaP has been grown by a pressurized floating zone 
| technique. 
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Investigation of a method of growing crystals of GaP 
|and GaAs from the vapour phase 


by G. R. ANTELL, B.Sc., A.M.I.E.E., Research Department, Associated Electrical Industries (Manchester) Ltd., 


tion of some of the solid GaP. This vapour moves to the 
cool end of the tube by diffusion and convection and on 
cooling has an excess of Gal over the equilibrium amount. 
The vapours can come to equilibrium at the lower tem- 
peratures by depositing crystals of GaP as in Eqn (1). The 
vapour at the cool end then moves to the hot end where it 
absorbs some more solid GaP. This process will continue 
until all the solid GaP at the hot end has been transferred to 
the cool end of the reaction tube. Thus by means of this 
cyclic process it is possible to transport large amounts of 
GaP down a temperature gradient by means of a relatively 
small amount of gallium iodide. 

Tt is often more convenient to enclose the GaP in a reaction 
tube together with a small amount of iodine in preference to 
gallium tri-iodide as used in Eqn (1). The initial reaction at 
the hot end of the reaction tube will then be 


3GaP + 31 = 3Gal + 3P. (2) 


At the cool end of the tube the products on the right-hand 
side of Eqn (2) react according to Eqn (1). It should be 
noted that the initial reaction in Eqn (2) gives rise to three 
atoms of phosphorus whereas only two are required for 
Eqn (1). Thus it would be expected that the pressure of 
phosphorus in the reaction tube would be higher, starting 
with Eqn (2) rather than Eqn (1) provided that the same 
number of iodine atoms were added in each case. An inter- 
mediate pressure of phosphorus could be obtained by adding 
the iodine atoms partly as Gal;. This result may be of 
importance if it proves necessary to grow crystals under a 
definite pressure of phosphorus in order to obtain stoichio- 
metry in the GaP. 


3. Growth of crystals 


When a simple reaction tube containing GaP or GaAs 
and a small quantity of iodine is placed in a temperature 
gradient a large number of small crystals grow at the cool 
end of the tube. The size of the crystals could be increased 
by using a larger reaction tube, a larger quantity of material 
and by adjusting the temperature gradient by trial and error 
to give a slow rate of growth. A better solution appeared to 
be to create a localized cold spot on a relatively small area 
of the wall of the reaction tube and thereby force the crystals 
to grow in this region. Such an arrangement was realized 
by fixing a side arm of about 1-5 cm bore into the furnace 
tube as shown in Fig. 1. The loss of radiation through the 
side arm created a cool region in the furnace. By looking 
down the side arm the growth of the crystals could be easily 
observed. 


The furnace had three windings. The outer two were 
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crystal 


GaP 
Fig. 1. Section through crystal growing furnace. 
connected in series and the centre winding was controlled 
separately. The temperature distributions along the furnace 
tube are shown in Fig. 2 curve 1, with the centre furnace 
switched off and curve 2 with the centre furnace set at a 
temperature that allowed a crystal of GaP to grow slowly. 
The dotted portions of each curve represent the unknown 
temperature of the cold spot. 


900+ 


Temperature (deg C) 
fo, 
=) 
s) 
— 
Pe 


2 6 “Sl OW a 44 (ie ee 
Distance along tube Cin) 


22 24 
Fig. 2. Temperature distribution in crystal growing furnace. 


To grow a crystal, some fragments of GaP were placed 
in a silica tube about 15cm long and 2:5cm diameter 
together with sufficient purified iodine to give a concen- 
tration of about 1-2 mg/cm? in the reaction tube. The 
concentration of iodine does not appear to be critical since 
concentrations ranging from 0-31 to 3:37 mg/cm? have been 
successfully employed. The reaction tube was placed in the 
furnace with the GaP at one end as shown in Fig. 1. The 
part of the reaction tube that was opposite the side arm in 
the furnace was flattened so that the crystals would have a 
flat base. 

The side furnaces were run at a constant voltage and the 
centre furnace was set hot enough to prevent any crystals 
from growing on the cold spot. Crystal nuclei were formed 
on the cold spot by touching the reaction tube with a thin 
metal rod. Provided the temperature of the centre furnace 
was high enough these nuclei evaporated fairly rapidly when 
the metal rod was removed. When the process was repeated 
with the centre furnace at a lower temperature the rate of 
evaporation of the nuclei was greatly reduced. It was then 
relatively easy to adjust the temperature of the centre furnace 
so that only one or two of these nuclei remained. The centre 
furnace was then cooled slowly over a period of several days 
during which time all the GaP at the hot end of the reaction 
tube was deposited on the cold spot. 

If the cooling rate was too fast or very uneven, voids 
developed in the crystals as shown in Fig. 3, where the voids 
have been exposed by grinding away the top surface of the 
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crystal. These voids had smooth curved surfaces and thet 
was no evidence of the flat crystal faces which might hay 
been expected had they been created by the union of ind¢) 
pendent overgrowths on a rapidly growing crystal. {\) 


Fig. 3. Voids in crystal of GaP x 12. 


and that the crystals always cracked on cooling, usuall}) 
tearing a small section of quartz from the wall. Such crac 
are shown in a polycrystalline sample in Fig. 4. 


Fig. 4. Polycrystalline GaP showing cracks. 


Several methods were tried in attempts to prevent qf 
alleviate the results of sticking and the most successful solutia] 
was to deposit an almost invisible film of carbon on t 
inside of the reaction tube by the pyrolytic reduction ¢ 
acetone vapours. If the film was too thick, although sti 
transparent, the radiation from it when hot made it ve 
difficult to observe the formation of nuclei. Figs 5 and | 
show what was substantially a single crystal of GaP gro 
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- on quartz which was covered with a very thin film of carbon. 


During the attempts at establishing a single crystal nucleus 


_ some vapour condensed on the carbon film and may have 


t 


removed it locally. The GaP crystal adhered so strongly to 
the quartz in this limited region that it broke into several 
pieces when being removed from the reaction tube. X-ray 
analysis revealed that in each fragment of the crystal the 
(110) face was parallel to the wall of the reaction tube. 


{cm 


Fig. 5. GaP deposit top surface. 


Fig. 6. GaP deposit bottom surface. 


An experiment was carried out to see if it was possible to 
_deposite GaP on to a seed crystal placed in the reaction tube. 
The furnace was placed with the side arm pointing vertically 
downwards. A small seed crystal of GaP was placed in the 
‘region of the cold spot in a reaction tube containing iodine 
‘and GaP as before. The temperature of the cold spot, 
initially such that the seed crystal began to evaporate slowly, 
‘was then lowered with the intention of reaching a tem- 
‘perature at which GaP would begin to be deposited on the 
}seed. The seed was observed to decrease in size and eventually 
disappear, while at the same time several small crystals 
began to grow on the cold spot. This result is not unexpected 
isince the seed crystal was not in good thermal contact with 


sithe cold spot on the wall of the reaction tube and would 
\therefore be at a higher temperature than the seeds which 
} grew spontaneously on the cold spot. 

i) If the GaP from which crystals are to be grown contains 
f any free gallium then this gallium is deposited on the cold 


|spot and completely inhibits the transfer of GaP. 
One polycrystalline sample of GaAs was grown using 
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about 1-2 mg of iodine per cm? in the reaction tube. Growth 
took place rapidly with the temperature of the cold spot less 
than 800° c. It was found that GaAs grown in this manner 
did not stick to clean quartz in the way that GaP did. The 
crystal was found to be p-type although the original GaAs 
was n-type. This conversion may be due to the pick-up of 
copper from the quartz (Edmond 1960). 


4. Measurements 


4.1. Iodine content of GaP crystals 


A sample of GaP taken from a crystal which had been 
grown from a vapour containing 7 x 10!8 atoms of iodine 
per cm? was analysed by the Associated Electrical Industries 
mass spectrometer M.S.7 and iodine was not detected, the 
estimated limit of detection being less than 2 in 108. The 
covalent radius of iodine is 1-33 A but since the radius of the 
largest impurity that would just fit interstitially in the GaP 
lattice is 1:28 A the very low solubility of iodine is not 
unexpected. 


4.2. Thermal conductivity of GaP 


The thermal conductivity of a polycrystalline sample 
8mm xX 5mm xX 2mm has been measured. Difficulty was 
found in making good contact to the sample but the mean 
of several determinations gave the thermal conductivity as 
0-13 cals~! cm—! deg! at 300° x. Since the resistivity of 
the sample was very high this value is the lattice thermal 
conductivity of GaP. 


4.3. Electrical measurements 


A single crystal sample of GaAs had a Hall coefficient of 
+54 cm? coulomb—!, a conductivity of 5-65 ohm~! cm—! and 
thus a Hall mobility of 305 em? v—! s—!. 

All samples of GaP that were grown from the vapour had 
a very high bulk resistivity. An attempt was made to deter- 
mine the resistivity of GaP using a rectangular rod of single 
crystal material 1 mm long. End contacts were formed 
by fusing on indium at about 600° c. Two small dots of 
indium about 2mm apart were also fused on to one face 
of the rod to act as potential contacts. The potential between 
the two indium dots was measured by means of a Vibron 
vibrating reed amplifier and the current through the sample 
was determined by similarly measuring the potential difference 
across a series resistor of 850 MQ. Leakage currents were 
reduced by using P.T.F.E. insulation. The resistivity of the 
sample was found to be in the region of 5 X 10? ohm cm. 


5. Conclusion 


It has been found that by creating a localized cold spot 
on a reaction tube it is possible to deposit large crystals of 
GaP and GaAs. The tendency of GaP to adhere strongly 
to the quartz of the reaction tube can be overcome by masking 
the quartz with a very thin film of carbon. It is considered 
that single crystals of GaP and GaAs could be grown reliably 
from the vapour by controlling the temperature of the side 
windings of the furnace and also by decreasing the tem- 
perature of the cold spot in a smooth manner rather than the 
stepped method that was used in the above experiments. 
The contamination of the GaP crystals by iodine from the 
vapour has been shown to be negligible but the very high 
resistivities of all the samples of GaP shows that impurities 
which act as deep traps have been incorporated in the lattice. 
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The inhibition of the crystal growing process by free 
gallium has been established. 

The low temperature at which GaAs can be grown from 
the vapour may be useful as a means of incorporating large 
concentrations of impurities which exhibit a retrograde 
solubility; that is, impurities whose solubilities are less at the 
melting point of GaAs than at lower temperatures. 
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Notes and comments 


Journal of Catalysis 


We have received notice of the new Journal of Catalysis, 
which is to be published by Academic Press, 111 Fifth 
Avenue, New York 3. It is to be a medium of publication 
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Abstract 


A treatment has been given of the permeability of a hetero- 
zeneous medium consisting of a regular lattice of rect- 
mgular parallelepipeds in a continuum. Effects on the 
vermeability due to surface resistances on the upstream 
ad downstream faces of the parallelepipeds have been 
considered, and also aspects of the role of particle shape 
and orientation. The treatment provides an approach to 
the permeability of and fractionation by foam plastic 
membranes. When the disperse phase has molecular sieve 
properties, high continuous fractionation factors for appro- 
yriate composite membranes and mixtures of diffusants 
wre found to be possible. The treatment is also valid for 
the thermal or electrical conductivity, permittivity, or 
magnetic permeability of such a lattice. 


1. Introduction 


ALCULATIONS of diffusion fluxes through hetero- 

geneous media, or of permittivity or electrical or 

thermal conductivity in such media, are all aspects of a 
single problem. A usual heterogeneous membrane consists 
of a phase A dispersed as small randomly arranged and often 
t-andomly shaped particles in a continuum of phase B. Of 
che various approximations which have been made to dielec- 
¥ric, electrical, thermal or diffusion behaviour in such a 
‘system the following are the most important. 
Maxwell (1873) considered a continuum with immersed 
spheres so far apart that the streamline pattern about each 
‘sphere was uninfluenced by those of its neighbours. Maxwell’s 
}equation is thus valid for low volume fractions of disperse 
dhase. Equations appropriate to higher volume fractions of 
(disperse phase have been developed for dielectrics by assum- 
‘ng each sphere to be surrounded by an essentially uniform 
nedium of dielectric constant equal to the overall dielectric 
sonstant for the composite medium. The most useful and 
successful relations of this type are those of Bruggeman (1935) 
and of Bottcher (1945), although the assumption made in 
their derivation led Poley (1953) to question their general 
yalidity. In the same direction, Niesel (1952, 1953) developed, 
and Eichbaum (1959) studied experimentally, formulae for 
the dielectric constant of media comprising spheres, and 
‘andomly oriented lamellae and needles embedded in con- 
inua; while Sillars (1937) and van Beek (1960) considered 
zmbedded spheroids, oblate and prolate. Brown (1955) 
sreated the problem statistically and arrived at a series solu- 
ion, the first two terms of which were independent of particle 
shape and arrangement and were equivalent to Maxwell’s 
‘elation. By assigning particular values to a structure factor 
in the third term, the solution can be made to agree with 
sither the Bruggeman or the Béttcher formula. Prager (1960) 
aas also applied statistical methods to the problem. 
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Diffusion in heterogeneous media: lattices of parallelepipeds 


by R. M. BARRER, Sc.D., F.R.S., and J. H. PETROPOULOS, Ph.D., Physical Chemistry Laboratories, Chemistry 


Another development of Maxwell’s formula is due to 
Rayleigh (1892) who, using potential theory, calculated the 
influence on the flow pattern around any one sphere due to 
neighbouring spheres forming a regular cubic array. This 
treatment was re-developed by Runge (1925) and extended 
by Meredith and Tobias (1960) who also provided some 
experimental verification for spheres of electrical conductivity 
either very high or very low in comparison with that of the 
surrounding medium. Similar verification has been given by 
Klute (1959) for the latter case. Little is known, however, 
about the applicability of the formula if the disperse phase 
is present as particles of random shape, size and arrangement. 
Formulae have also been given (Rayleigh 1892, Runge 1925) 
for regular lattices of cylindrical rods or thin tubes, extending 
throughout the breadth of a heterogeneous membrane, 
parallel to each other and normal to the direction of flow. 

In the present paper, in connection with an experimental 
programme on properties of heterogeneous membranes, we 
consider the permeability of a membrane in which a regular 
array of rectangular parallelepipeds of phase A is embedded 
in a continuum of B. A treatment in terms of potential 
theory would be difficult here, and an alternative pheno- 
menological procedure has been developed. Since the model 
and procedure permit consideration of aspects largely comple- 
mentary to those that can be examined by the other methods, 
it was thought of interest to give an account of this procedure 
and the results to which it leads. 


2. The permeability of the model 


The disperse phase A is in the form of rectangular 
parallelepipeds of square cross section of side a, and length 
hy along the direction of flow, disposed regularly in a con- 
tinuous matrix of phase B at distances apart hp, in the direc- 
tion of the flow, and 5 at right angles to that direction, as 
shown in Fig. 1. 

The diffusion coefficients D, and Dg of a diffusant in A 
and B are independent of concentration and the distribution 
of diffusant between phases A and B at equilibrium is 
governed by Henry’s law, i.e. 


(=) == kaa CONSUs 
Cp/ equil. 


Here C,, Cg denote the concentration of diffusant in phases 
A, B respectively (as number of molecules per unit volume 
of that phase). 

The type of streamline pattern established in steady state 
diffusion depends on the relation between kD, and Dg (i.e. 
the relative permeabilities of the component phases). If 
kD, = Dg the composite medium behaves as a homo- 
geneous one and all streamlines are parallel. 
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In the general case kD, ~ Dg and there will be convergence 
and divergence of streamlines, a higher density of streamlines 
being established in the more permeable component phase. 


(b) 


END ON 
VIEW 


FLOW 


io} Phase 


Phase A 
Rigas 


Because of symmetry, however, flow lines along planes 
parallel to the direction of flow and either bisecting cells of 
phase A or equidistant between such cells (AB, CD and EF 
in Fig. 1(a)) remain undisturbed. Similarly, all streamlines 
will be parallel to the direction of flow in planes normal to 
this direction and either bisecting, or equidistant between, 
cells of phase A (AD, BC and GH in Fig. 1(a)). Hence the 
flow pattern is repeated in every region of the lattice, such as 
that enclosed by ABCD in Figs. 1(a) and (b) which, therefore, 
represents the ‘unit cell’ of the composite medium. 

Consider an array of such unit cells of length / equal to 
the thickness of the heterogeneous membrane (a portion of 
such an array is shown in Fig. 1(c)). This array constitutes a 
chain of cross-sectional area a? consisting of alternate cells 
of phases A and B of length A, and Ag respectively, sur- 
rounded by phase B in the form of a hollow tube of square 
cross section of area b(2a + 5). 

For the steady state of flow, and confining attention first 
to the chain, fluxes j,, jg may be defined respectively through 
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{}) 
the mid-sections of cells of A and B. These fluxes are / 
equal because of the non-parallelism of flow lines. He 

we may write 


Is Vee | 
The concentration of diffusant at interfaces normal to | 
direction of flow will be denoted by C with subscripts A and 
to indicate the side of the interface for which the conc} 
tration is defined, and subscripts 1 and 2 to denote in-go i 
and out-going faces respectively. The concentrations | 
defined are mean values since the concentration of diffus4) 
varies from point to point on an interface. | 

It is also convenient to define ‘mean fluxes’ j,, jg throu) 
each cell of phases A and B respectively, in terms of /}} 
concentration difference between in-going and out-go)}}) 
faces, and to relate them to /, and jg by means of paramet}} 
Bx, Bp respectively : 


: 2D 

= Be Ee (Cay = Cy) 
= aD 

p = Pais = be (Cp, — Ca). 


Since, in general, there is a possibility that a de 
physical barrier is associated with the crossing of an interfa}} 
an expression for the flux across an interface 7, may be writi) 
in terms of a transmission coefficient v and the concentratiq}} 
on either side of the interface and may be related to Ja 
means of a parameter «*. Thus 


Te =@ 2v(kCp, — Cx,) — OA. 


If /is the length of the chain (i.e. the thickness of the heel 
geneous membrane), /, /,, /p being the aggregate lengths | 
cells of phases A and B respectively, and if the chain conta ff 


n cells of each phase, then 


ly = nhy, lz = nhg 
l=] +h =nhy + hp) = ah. 


The concentration drop across the composite membralf 
as measured in phase A is then 
AC, — nCy, — Cy.) += nk(Cz, = Cz,) 
+ (2n — 1)kCpg, — Ca,) 


= m(Ca, — Cy,) ae nk(Cg, a Cz.) 
+ 2n(kCg, — CA) 


asn> 1. From Eqns (1) to (4) and (6) we get 


ACy = n(Ca, — Cx + ee a(= a 
A Vv 


hgk 


a) 


visualized as divided into cells of length hy and hg alternated} 
to correspond with the cells of phases A and B in the chad 
All fluxes, concentrations and auxiliary parameters 4} 
defined in the same way as above and are denoted by t 

same symbols primed (except that in this case, of course, 
is not necessary to include fluxes across interfaces). Tha} 
at the midsections of cells surrounding cells of phase A | 
the chain, a flux 7, may be defined, and at the midsections\{ 


cells surrounding cells of phase B in the chain a flux 


* If the barriers at upstream and downstream faces are differe# 
we may define parameters 11, «1, v2, % for these faces respective 
In the final result (Eqn 16), the term 2«/y is then replaced 
a/v, + a/v. 
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‘These fluxes are related to each other and to the mean fluxes 
‘as follows: 


Baba + b)Dzg 
hy 


Be Baja = (Car — Ca.) = Yip 


__ y’Bpb(a + b)Dp 
hp 


= ¥ Bois (Cp, — Cp). (8) 


The concentration drop in the surrounding medium across 
the composite membrane as measured in phase B is then 


ACg = (Ca, — Ca) + (Cp, — Cp,) 


j ag mCa, = C(I wi 


(9) 


{Because of the steady state conditions we also have 
OE = kACg 
Jp eele ty 
ae ot 
The overall flux J through the array of unit cells of the 
composite membrane (Fig. 1(c)) is equal to the sum of the 
duxes through the chain and the surrounding medium. Thus 


the overall diffusion coefficient D, characteristic of the whole 
j;omposite medium is given by 


(10) 


[aA ey (1) 


~AC 
J=(a+ by D—- (12) 
| where AC is the combined concentration drop in phases A 
md B over the thickness of the heterogeneous membrane 
ind is defined by* 


ING: = V,ACa + UpACg. (13) 


|dere v,,Vp are the volume fractions occupied by phases A 
and B respectively in the composite medium. Hence: 


J = (+ bY DO@AC, + vgAC,)/l. (14) 
\Also, as pointed out above, we have 
Dice Iaeel fixe (15) 


jdence, from Eqns (2), (8), (14), (15), and using Eqn (10), 
‘lve finally obtain: 


a h 
> = a+ Drkon +o) 
ka?BxDa ae b(2a =. b)BADp 
a ee Bah, > (16) 
h Dae hy, + PAB 
at BaPa Ly Fade) - y'Bp 


ivhere the h’s may be substituted by /’s from Eqn (5). 
| The distance parameters of Eqn (16) are related to v,, Ug 
\s follows: 


| on (with v3 =1—%,4=/-—I,). AN 
ichus Eqn (16) becomes 
5 2 Rt 
In(kvg + Up) 
kup BaDa da, — CD BaDp e 
Nee BaDa(— " oan eee eae . (18) 


~* One may also consider only the concentration drop ACg in 
he continuous phase, i.e. AC = ACg in place of Eqn (13). The 
erm (Kva + vp) is then omitted from all formulae for D to give 
‘he relevant modified diffusion coefficients. For example, Eqn 36 
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For a ‘cubic lattice’ there are the additional relations: 


lp 


4; aa vas (19) 


a=h,; b — ip: - 2 KD 


and the expression for D becomes 
1 


ia 
ku, + Up 
| ON BaDa Cf V3)B,Dp 
2nx (1 —v,hkl (1 — 0,3)p) |e 
$ D #: of: 
Un 4 Bx r 5 veaDE Uae Se 


y'Bs 
(20) 


In the absence of surface diffusion barriers, the term 2«/v 
in Eqn (16) and the term 2«/v in Eqn (18) and Eqn (20) 
vanish. 

The values of the 6 and y parameters of Eqns (16), (18) 
and (20) would, in general, be expected to depend on com- 
position. The following inequalities apply to these para- 
meters: 

Gif KD, > Dp, then y Soy = 1, Boos Ope ete 

pa i pee 

Gi) if KD, =< Dy, athen Yel 1, Bee eee 

Busts Bye 


Thus in the complex coefficients B,/yBg and B;/y’By there 
is always partial compensation between individual factors. 


3. Special cases 
3.1. Impermeable fillers 


The equation appropriate to impermeable fillers is obtained 
when kD, =0. In this case the only equations relevant 
are Eqns (8) and (9). In Egn (11) jg = 0, y = 0, and the 
equation becomes 

ja =Jip +ig; Jalig = y' — 1. (21) 
Two cases may be distinguished: 


(i) Phase A is non-conducting (D, 0; k is finite). In 
this case Eqn (14) holds, and Eqn (15) becomes 


J=ji. (22) 
Finally, Eqn (16) becomes 
D hb(2a + b)B, Dg 3) 
(a + b)*(kvy + Up)Aall + (Bahp/y’ Ppha)] 
(ii) Phase A is non-sorbing (A — 0, Dy, is finite). Eqn (22) 


also holds in this case but AC, = 0 in Eqn (14), so that 
the final expression for D is given by Eqn (23) with kv, = 0. 
The formula appropriate to a lattice of cubes, analogous to 


Eqn (20), is 
Des Ls { BD \ 
1 — Up |vgt + Bad — %3)/y’Bp 
Under the conditions considered here there is little deviation 
of stream-lines from parallelism in the part of the medium in 


which fluxes j,, ja occur, ive., B, ~ 1 in Eqns (23) and (24). 
Eqn (24) can then be rewritten in the form 

Dg(1 — v4) Ua ee 
giving the variation of the coefficient 1/y’Bg with v, in terms 
of Dz and D. 


(24) 


(24a) 


BRITISH JOURNAL OF APPLIED PHYSICS 


DIFFUSION IN HETEROGENEOUS MEDIA: LATTICES OF PARALLELEPIPEDS IN A CONTINUOUS PHASE 


3.2. Particular arrangements of filler 


3.2.1. Phase A as thin laminae normal to the direction of 
flow (ha small, hg—>h). The condition hy < hg (hg —>h) 
also implies that v, < Vg, Vg —>1 and, if & is not unduly 
large so that kv, < Vg, Eqn (16) reduces to 


nn Dz a 
— @+ bY) 2nx M3 aS 
vik ©" yBp 


Eqn (25) gives the diffusion coefficient when the otherwise 
continuous medium B contains a series of discontinuities 
acting as diffusion barriers, such as grain boundaries or films 
in grain boundaries, perpendicular to the direction of flow. 
When the boundaries extend in almost unbroken con- 
tinuity across the medium, b < a and Eqn (25) reduces to 


D = Ds/ ("Dp +1) (26) 


or if 2na/vlk > 1/Dg (i.e. the diffusion is dominated by the 
surface barriers) 


+ b(2a + b)y’By (25) 


ae (27) 


2na 


In the absence of surface barriers, on the other hand, Eqn (25) 
‘becomes 


Dr 


(a oe? 7Bp + bQa + b)y sl. (28) 


If KD, > Dg then y, y’, Bg, Bg > 1 and the above equation 
yields D = Dg, as expected. The equation for impermeable 
thin lamellae (D, = 0, y = 0), on the other hand, is 


p — Dsb(2a + b)y’'Bx 
(a + by 


which reduces, as required, to D = 0 for continuous boun- 
daries (6 = 0). 

The results of this section are in certain respects an 
extension of the treatment of Ash and Barrer (1959) who 
discussed permeability and diffusion in a homogeneous 
membrane with a surface resistance at the faces of entry and 
exit only. Some possibilities are now seen for internal surface 
resistances distributed within the body of the medium and 
not necessarily continuous over its whole cross-sectional area. 
The measured diffusion coefficients become structure sensitive 
and less than the true diffusion coefficient Dg, while fluxes 
amay no longer be inversely proportional to thickness. Some 


(29) 


Table 1. Diffusion anisotropy associated with laminae differently oriented to the flow direction. 
Dz = 10-8 cm2/s k=1 


Da kDa Dyra=}) Di(os=3) 
(cm?/s) Dg (cm?|s) (cm?/s) 
(Wiss 1000 5°005.410 1-99 x10—7 
1052 100 $2057 10° 1:98 x 1077 
10x? 10 5-51 Oat 1-82 x10>7 

5.105% 5 3-0" 105% Gio l0ms 
3x 10-§ 3 2-0 <10;-8 1:5 10m" 
2 fl ee) a ie 1-33c10=% 
T1075? 1 1201058 10° 1058 
510m 4 Senge OF65.<10—- 
393.1072 4 6:05><10= 5:0 10 
270102 $ 6-0) x105" 533 Ons 
10 a0 ee a (ee 18110 
10510 700 5-05 1052 1-98 <10=° 
yee SOOT 5-0 10m: 1°99 10 
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of the loss of permeability often observed in H,-Pd diffuy 
membranes after use (e.g. Barrer 1940) may arise from) 
opening of physical discontinuities within the struct), 
Such thin fissures, formed by the pressure of hydrogen | 
cules discharged as atom pairs from the bulk metal | 
grain boundaries, can act as resistances to transport} 
atomic hydrogen. Many such resistances must be transvi}} 
to the direction of flow. Mechanical weakness after abs¢ 
tion of hydrogen is known for iron as well as palladium, 
could also be due to the same cause. | 
3.2.2. Laminated media. In such media both phases), 
and B are continuous in two dimensions, but alternate in. 
third. | 


occurs along or at right angles to the laminae. In 
cases a parallel flow-line pattern is obtained so that all} 
and y’s are equal to unity. | | 
(i) Flow at right angles to the laminae. In this case b -}) 
in Eqn (16), and also J,/1 = va, [p/l =vg. The equa 
then reduces to 1 
. 1 kDy 
~ (kug + Up) 5 2nwx ae 


which when surface barriers dominate, becomes 
= os lk v 
ae kv,p — Up 2no 
(ii) Flow parallel to the laminae. In this case hg 
hx—h. Also 
a= al(at+b)?; vg = b2a+ bla + 5B). 
Further, there are no phase interfaces at right angles to |} 
direction of flow so that the surface barrier term in Eqn 
may be omitted. Eqn (16) then reduces to 
= kvyDy _ UpDz 
D = —_—. 
kv, + Up 
The effect of orientation may be considered by compagl| 
Eqns (30) and (32). Thus, in the absence of surface barr | 


the ratio of diffusion coefficients for flow parallel and 
pendicular to the laminae respectively is 


Dy _ (os BoB) (vp a) 
Dy 1 . 


Values of this ratio for various values of kD,/Dg and) 
are given in Table 1, from which major influences of oriet 
tion of lamellae upon diffusion are seen. 


Dil Dy 
vm = wa =4 A= wm =F 
PSI 223 189 161 
PESOS, DIS 19-4 16-7 
3-03 2:80 D553 250 
1-80 Hoge 1-60 ilesyil 
333 1-30 125 1221 
113 ileiil 1-09 1-08 
1-00 1-00 1-00 1-00 
heals} ileal) 1-09 1-08 
i333 1-30 1-24 121 
1-80 2 1-60 Tesi 
3-03 2°80 Dees) 2°30 
POS) 22-8 19-4 16-7 
251 223 189 161 
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| 3.3. Media in which the disperse phase occupies a large 
volume fraction 


_ @ kDx> Dg. Provided that va, kD, are both con- 
siderably larger than vg, Dg respectively, then the flux carried 
| by the chain will be much greater than that carried by the 
surrounding medium and the disturbance of the flow line 
| pattern from parallelism in the chain will be a relatively 
minor effect. In particular we may write B, ~ 1, in view of 


ALLEN oe Oe i6 

VA Dg Dy 

0-60 2°58 G46) 1256 (1228), 20 
| 0-65 3-11 4-02), “16-1 ~G63) 97 
| 0-70 3-82 (4:72) 21-0 (21-3) 38 
} 0-75 4:81 (5°73) 28-4 (28-8) 55 

0-80 6:30 (7:23) 40:3 (40-7) 87 
0-85 8:79 (9:75) 61:5 (62:0) 154 
' 0-90 13-8 (14:75) 107 (107) 328 

0-95 28-8 (29-8) 251 (251) 1100 


the fact that j, > j,. Fluxes jg, jp, per unit cross-sectional 
/area are comparable, however, and in this case it is more 
accurate to write jp/a* =j,/b(2a + b). This implies in 
effect that Cg, = Cg,, Cp, = Cp, The best way of approxi- 
‘mating to j, seems to be to assume Bx = 1 and Cg, = C,,, 
| Ca, = Ca, (since in any case we have j, > j,). By the 
methods of the present paper it is possible to arrive at the 
following expression for the ‘cubic model’: 


a 1 1 — vs ON 
kvy + UB 


=i 
Dg 5 CAD. (1 — =p} er) 


| For sufficiently high values of v, and kD,/Dg, j, is negligible 
| and Eqn (34) reduces to 


‘D, 


eae is 
a T . 3 
Dy kvyp + = Dz = ( >) 
| Egn (34) is also valid when kD, ~ Dg, irrespective of the 
1 value of va. 


Eqns (34) and (35) are of interest for the description of 
diffusion in foams and in foam plastics containing a large 
i volume fraction of gas gaps and also in polymers containing 
highly permeable filler particles, provided these can be 
packed sufficiently closely to ensure a high v, value. 

4 (ii) kD,—0. If phase A is very nearly impermeable, 

then, provided v, is sufficiently large, a simple expression 
for the diffusion coefficient of the cubic model of Fig. 1 
may be obtained by disregarding the small modification of 


the flux caused by the blind pores, ic. by putting 
iba = Ba = y’ = 1 in Eqn (24) 
z 1 — v3 
D, = A Di: (36) 
UB 


4. Separation of diffusants 


Consider two diffusants in a composite membrane so 
chosen that phase A is a molecular sieve permeable to the 
first (subscript 1) but not to the second (subscript 2). Then 
for large v, and kD,,/D ,,, assuming that ACg is the same 
for both species, the ratio of the fluxes may be obtained 
from Eqns (34) and (36): 


Table 2. Flux ratios J,/J, based on Eqns (37) and (38). 


OF PARALLELEPIPEDS IN A CONTINUOUS PHASE 


A simpler expression is obtained if Eqn (35) is employed 
instead of Eqn (34), namely: 


(1 — v,3)Dz, 
Dg 


‘ae 
J> 1 — v4? 


ie Devaes 


For sufficiently high values of kD,,/Dg, and va there is very 
little difference between Eqns (37) and (38) as may be seen 
from Table 2. In this table the value of the flux ratio obtained 


1 


The figures in parentheses relate to Eqn (37) 


kD kD kD 
ice = 100 ane = 1000 Be = 
‘6 (20:6) 220° (2220) 222) 
"6 07-6) 29-7 (29:7) 29:9 (30-0) 
28) (Gison) 41-7 (41-7) 42-2 (42:1) 
-9 (65-9) 61-9 (61:9) S27 (C227) 
Ha (Si18) 99-4 (99-4) 101 (101) 
(154) 181 (181) 185 (185) 
(329) 415 (415) 427 (427) 
(1100) 1660 (1660) 1760 (1760) 


from these equations (the figures obtained from Egn (37) 
being in parentheses) are listed for the case Dg, = Dg, = Dg 
(Da, = Dag) and for various values of kD,/Dg and v,. 
Evidently very large and continuous fractionation factors 
are possible with molecular sieve crystallites embedded in 
another medium and occupying substantial volume fractions 
of the whole. 

Fluxes through, and separations by, foam plastics are of 
much interest. Here phase A is permeable to both diffusants. 
From Egn (35) it follows that the ratio R of the flux through 
pure polymer J, to that through the foam polymer Jf is 
approximately 


Ip ean tl oe aoe 
Fee (aan games (39) 


Since in the foam plastic we can easily have kD, > Dg, the 
permeability in this case can be much higher (Table 3(a)). 
Moreover, if R, denotes the ratio of the fluxes of species 2 
and 1 respectively, and Ry is this ratio for the foam plastic 
then 
Ro Op D x) ae Ua OK 
Re (Dp JR Da) VA Ot 


Clearly, for appropriate values of the ratios kD,/Dg, for 
species 1 and 2 and of the volume fraction of cavities in the 
foam plastic, a better fractionation factor may be obtained 
from a foam plastic (Table 3(b)). Even when use of such a 
plastic has a slightly adverse effect on the fractionation, 
advantage may be gained from the increased fluxes noted 
above. If kD,/Dgx is sufficiently large for both diffusing 
species (e.g. > 1000), then Eqn (40) is dominated by the 
terms in va and R,/R- ~ 1 for all values of va. 

The validity of this equation and the advantages in frac- 
tionation that it indicates depend on the absence of unduly 
large bubbles or networks of interconnected channels in the 
polymer matrix. The difficulty of fulfilling this requirement 
in practice would be expected to increase with increasing V4. 

In the simultaneous diffusion of two species in Jaminated 
media different flux ratios arise according to the direction of 
flow with respect to the laminations. The ratio for flow 
normal to the laminations, obtained from Eqn (30) and in 
the absence of surface barriers to diffusion, is 


(40) 


= 
om 1 ff —»,3)Dp, vsDp, } 
y, 1—v,? Dp vstkDa, + 1 — vg2)Dz, Ae ACp, kDa, 1 + @pkoDa,/0sDp,) ah 
(37) sl ACa kDa, 1 + Oph DaaDay 
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Table 3(a). Ratio of fluxes J in a foam plastic 
and the massive polymer 


kDa It/Jp 
Dz va = 0°85 v4 = 0:90 v4 = 0-95 vg = 0-98 k2Da, 
10 6:3 7-3 8-4 9-4 seg 

20 9-4 11-6 14-7 17-5 
100 15-6 22-3 36°8 59-5 10 
1000 18-5 28-2 55:6 129 20 
10000 18-9 28-9 58-8 147 100 
1000 
10000 


If the flow is parallel to the laminations, Eqn (32) yields 
ACg, kivaDa, + UpDp, 

ACg, kxVaDar + UpDp, 

The ratio Ro = R,/Ri then measures the anisotropy of the 

fractionation by flow. Some numerical examples, demon- 


strating the considerable anisotropy under various conditions, 
are given in Table 4. 


Ry = (42) 


LATTICES OF PARALLELEPIPEDS IN A CONTINUOUS PHASE 


Table 3(b). Relative values of flux ratios R, and Rg through massé| 


polymer and foam plastic 


RylRt( Rp = 5 = plies 7) 
va = 0°85 va = 0:90 “pens Os va = 0:98 
(1) (2) (1) Q) (1) (2) (1) @) | 
1:19 1:22 3:09 3:91 4:38 6:61 6°39 13-86 
1°08 1-11 1°93 (2°42 2°50" 3°77) 3569 es | 
1°00 1:02 1°00 “1-26 1:00" 1251 -oe 2°17 
0-981 1:00 0-79 1-00 0-663 1:00 0-461 1-00} 
0:978 0-998 0:77 0:97 0:629 0-948 0-407 1-01} 
1000. 


Column (1) k}D,,/Dg, = 100, column (2) k;D,,/Dp, = 


Gabor 1959). However, for the lattices considered in tl} 
paper, the value of D would be nearly the same in both sta] 
of flow provided kD, > Dg. Thus, in diffusion through} 
foam plastic the time lag L will be (Barrer 1951) L = ?/6y) 
where D is given approximately by Eqn (34) or (35). i 
some problems of thermal insulation time lags are as impq}} 
tant as steady state fluxes and have been considered | 
Jaeger (1950) for composite media in the form of seve) 


Table 4. Anisotropy of flux ratios in a laminated medium with laminae normal and parallel respectively to flow direction 


kiD,, kyD,, Rx/Ry 
Dz, Ds, 0, =F Oy 
1 1 1 1 
1 2 1-20 Ne UP 
1 5 1-60 1-80 
] 10 Dopey! 3-02 
1 100 19-4 2525 
1 1000 187-5 250 


5. Discussion 


The present lattice model demonstrates that considerable 
information can be obtained regarding special aspects of 
flow in heterogeneous media. However, as already noted, 
there is little experimental evidence concerning the extent to 
which regular lattice models can represent those hetero- 
geneous media in which shape, size and arrangement of the 
particles of disperse phase is random. Randomization of the 
present model would lead to exchange of flux between 
neighbouring chains at points where one chain is more 
conducting than its neighbour. This effect tends to enhance 
flow but at the same time increases the tortuosity of flow 
paths compared with the regular model so that the overall 
result is not easily predictable. 

In a more general version of the lattice model of Fig. 1, 
the parallelepipeds of phase A are of oblong rather than 
square cross section, of dimensions a and c, the corre- 
sponding dimensions for the unit cell being a + b and c + d. 
This model again gives Eqn (18) and all its special cases, 
except that v, is equal to /,ac/l(a + b)(c +d). Alternative 
regular lattices not having identical properties with the 
ones discussed so far are also possible. Two are shown 
in Figs 2(a) and 2(b), in which the chains of Fig. 1 are 
staggered in either of two ways, the case illustrated being for 
kD, > Dg. When kD, < Dg, the main feature of Fig. 2(b) 
is the greater tortuosity of flow paths and hence lesser 
permeability than arises with either Fig. 1 or Fig. 2(a). 

It has recently been shown that for gas flow in microporous 
media, diffusion coefficients characteristic of steady and 
transient states of flow may differ appreciably (Barrer and 
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kiDy, k2D,, RR 
% = 2 “Dg, Dz, m%=% 
1 1 1 1 

20) 2 1 Wales 
1-60 S 1 1/1-80 
Dose. 10 1 1/3-02 
19-4 100 1 L255 
(oso: 1000 1 1/250 


CJ Phase 


Phase A 
Fig. 2. 
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DIFFUSION IN HETEROGENEOUS MEDIA: LATTICES OF PARALLELEPIPEDS IN A CONTINUOUS PHASE 


| continuous layers normal to the direction of flow. Alter- 


nating layer structures also appear as particular cases of 
the lattices considered in this paper (§3.2.2. (i)). They have 
the same values of D in steady and transient states for all 
values of KD, and Dg (Eqn (30)). Thus time lags are 
readily calculated for such media from the relevant equations. 

Two approximate treatments of flow in cubic lattice models 


| have been given previously in connection with the conduction 


of heat in porous solids (Topper 1955) and the magnetic 


| permeability of iron powder compact cores for coils 


| (Wireless Engineer 1933). The equation given by Topper, 
when there is negligible transfer of heat by radiation and 
convection, is the same as Eqn (34) of the present paper, 
although this author does not appear to have considered 
limitations in its validity and in fact used it with the con- 
dition Dg > kDag, and irrespective of vy. The formula given 
_for iron powder magnetic cores, for which the condition of 


| large va and kD,/Dg is fulfilled, resembles our Eqn (35), but 
| tends to give somewhat lower values for D. 


_ In the introduction it was noted that mass diffusion is 
paralleled in other physical processes. The equivalents of 
the diffusion flux J for these processes are respectively the 
heat flow Jy, current flow J, electric displacement Y, and 
magnetic flux B. We note for the diffusion fluxes that 


Teas Gone 0.) aeigun De 
Se Dame a Ds 


and, omitting the surface barrier term from the general 
Eqn (16), we rearrange this equation as 


Lis h a’ By 4. b(2a + b)Ba 
Jz h(a + b) Jz hp Ba he hgBa 
Jn ha yPp hay’ Bp 


The relevant substitutions for J/Jg and J,/Jg in the cases 
of the other physical processes are then obvious. 
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Abstract 


The spectral sensitivities of photoelectric emission and 
photoconductivity in probe diodes containing cathodes 
coated with calcium oxide have been determined over the 
range of photon energies from 1-4 to 3-lev. The two 
spectral sensitivities are similar in form, showing a rapid 
rise below about 2:2 ev, followed by a more gradual 
increase. Structure at about 2:5-2:6 ev is insensitive to 
the state of thermionic activity of the cathode, and is 
attributed to the presence of an impurity level at this depth 
below vacuum potential in the optical energy level scheme. 
Experiments involving studies of the recovery of photo- 
electric emission and photoconductivity after oxygen 
poisoning and of magnetoresistive effects in dark and 
illuminated conductivity suggest that the greater part of 
the photoconductivity current is carried by a process of 
photoelectric emission across the cathode pores. Thermal 
activation energies have been determined by measurements 
of the thermionic emission from, and the electrical con- 
ductivity of, the cathodes as functions of temperature. 


1. Introduction 


ETHODS based on the study of the spectral sensi- 
Mis: of photoelectric emission and _ photo- 

conductivity in barium oxide coated cathodes have 
been employed (Apker, Taft and Dickey 1951, DeVore and 
Dewdney 1951, Sakamoto 1954, Philipp 1957) in attempts to 
determine the energy band structure of the semiconducting 
oxide. The structure in the spectral sensitivity curves has 
been related to discrete energy levels originating from 
impurity levels in the oxide and to levels in the filled band. 
Early methods of determining the so-called photoelectric 
work function of the oxide suffered from a legacy of work 
on photoelectric emission from metals. Thus work functions 
determined by the method of complete photoelectric emission 
(Suhrmann and Fruehling 1938) have little theoretical sig- 
nificance. Spectral sensitivity results have been fitted to a 
Fowler plot for photoemission from metals (Mahlman 1949) 
but agreement with the theoretical curve is obtained over a 
limited range only. Work functions deduced from cut-off 
frequencies (Nisibori, Kawamura and Hirano 1941) depend 
on the intensity of illumination of the specimen, on its tem- 
perature and on the sensitivity of the instrument used to 
measure the photocurrent. Such methods often gave optical 
activation energies in reasonable agreement with thermal 
activation energies obtained from Richardson plots for 
thermionic emission and from measurements of electrical 
conductivity as a function of temperature, but it must be 
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pointed out that this largely fortuitous agreement is 1) 
justification for ignoring the Franck—Condon effect. Unfajj 
tunately, there is insufficient experimental evidence availak}} 
to make an estimate of the magnitude of the effect in this cas}} 

A feature of one of the proposed optical energy lev) 
diagrams for barium oxide, due to Sakamoto (1954), is th 
the surface work function of the oxide is practically zer}) 
This assumption is based on the experimental evidence | 
close similarities at corresponding values of the photon ener}}} 
between the spectral sensitivity curves for photoelects 
emission and for photoconductivity. Sakamoto has maq} 
the suggestion, but has not applied experimental tests, that tj} 
similarity may be due to the fact that photoconductivity 
the porous cathode coating may be essentially a process 
photoemission across the pores, instead of being a tri} 
volume or surface photoconductive effect. Such a hypothes} 
of pore photoconductivity has a parallel in the Loosjes—Vi 
theory (Loosjes and Vink 1949) of electrical conductivity 
the oxide cathode at high temperatures, where the fund 
mental process of conductivity has been established to be o}f 
of free electron flight across the pores. 

The present work was undertaken in an attempt to inves# 
gate the optical activation energies of calcium oxide whi 
may lie in or near the visible region. Calcium oxide 
received much less attention than the other alkaline ea 
oxides, and the thermal activation energies for calci 
oxide coated cathodes have only recently been investigat# 
(Hopkins and Vick 1958). A secondary aim of the work 
been to confirm these values. It has also been possible 
investigate the pore photoconductivity hypothesis of Saki 
moto experimentally using methods adapted from some |}! 
those used to confirm the Loosjes—Vink hypothesis. The}. 
include an investigation of the recovery of photoelectif 
emission and photoconductivity after poisoning attacks 
oxygen (the recovery of thermionic emission and electridf} 
conductivity after poisoning has been investigated 
Shepherd (1953) and by Higginson (1957)) and a study of tif 
behaviour of photoconductivity currents in a magnetic fie] 
(magnetoresistive effects in dark conductivity have bef 
studied by Forman (1954) and by Metson (1959)). 


i 
t 
| 


2. Apparatus and techniques 
2.1. Experimental tubes 


Photoelectric emission and photoconductivity curren 
have been measured in probe diodes containing a calciu} 
oxide coated cathode. This type of tube, and its constructia} 
and processing, have been fully described by Hopkins a 
Vick (1958), and the details of preparation will not be repeat: 
here. Basically, the cathode consists of a nickel tube coat# 
over a length of about 2 cm with calcium oxide to a thickne}! 
of about 100 yu. In this coating is embedded a helical prod 
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of fine nickel wire, attached to insulated nickel wire supports. 
The cathode base is provided with a tungsten thermocouple 
lead and an insulated tungsten hairpin heater. The cylin- 
drical nickel anode is pierced with a small window. In the 
standard type of probe diode (designated the PC series in this 
work) the glass frame bearing the electrode structure is 
mounted on a pinch and is sealed into an envelope so that the 
cathode lies along the axis of the envelope, but in certain 
applications in the present work a shorter cathode base and 
cathode coated length are employed and the diode assembly 
is attached to the pinch so that the cathode is perpendicular 
to the axis of the envelope. Tubes of this type make up the 
M series. Seventeen probe diodes (of both series) have been 
constructed during the course of the present work. 


2.2. Measurement of thermionic emission and electrical 
conductivity 


| Measurements of the thermionic and electrical properties 
jof the calcium oxide coating were carried out using the 
jmethods described in detail by Hopkins and Vick (1958). 
|The small currents involved (down to 10~!* a) were measured 
with an electrometer designed around the Ferranti BDM 10 
|double-beam tetrode, and particular care was taken with the 
Jscreening of the experimental tube. For most measurements 
ithe tube was placed in a heavy steel box, a small window 
jpermitting the illumination of the cathode for photoelectric 
measurements. 


tl 


2.3. Light sources and photoelectric measurements 


White-light illumination was provided from a 500 w 
‘tungsten filament lamp, mounted in a fan ventilated lamp- 
‘house. Light from the 500 w lamp was focused on the 
experimental cathode through the anode window. 
‘' Monochromatic illumination in the wavelength range 
49000-4000 A (photon energies of 1-4-3-1 ev) was obtained 
{using a Hilger constant deviation spectrometer, Model D.186, 
‘4s a monochromator in conjunction with the tungsten filament 
‘Hamp. The experimental tube, in its screened box, was placed 
lat the exit slit of the monochromator and its position adjusted 
‘until the cathode received maximum illumination through 
\the anode window. Photocurrents were measured by applying 
‘ootentials to either the anode or the probe and comparing 
jelectrometer readings with the shutter at the entrance slit 
Aclosed and open. Several readings of the photocurrent were 
‘aken at each wavelength to allow for the effects of zero drift 
n the electrometer and to give a measure of the probable 
}error in each determination. Photocurrents measured in this 
way must be divided by the relative intensity of illumination 
‘at the relevant wavelength to obtain values of the photocurrent 
joer unit incident intensity. A calibration of relative intensity 
4>f illumination versus wavelength was performed using a 
johotoemissive cell of known spectral sensitivity at the exit 
}lit of the monochromator and determining the photocurrent 
lover the spectral range. The intensity of illumination falling 
yn the cathode of the experimental tube is not, however, 
| dentical with the intensity at the exit slit, due to absorption 
/n the glass envelope of the tube and in the film of material 
fevaporated on to it during the operation of the tube. An 
japproximate correction for this absorption was carried out 
by taking the average of two sets of photocell readings: first 
with the photocell placed at the exit slit, and then with the 
jenvelope of the experimental tube interposed between the 
exit slit and the photocell. The relative intensity of radiation 
istriking the experimental cathode at any wavelength is found, 


i 
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approximately, by dividing the average photocurrent by the 
sensitivity of the photocell at that wavelength. 


2.4. Oxygen poisoning experiments 


A number of the experimental diodes included a sub- 
sidiary alumina-insulated tungsten filament, coated with a 
paste of barium peroxide in ethyl acetate and collodion, 
mounted adjacent to the anode window. The filament was 
carefully outgassed during the processing of the cathode, and 
by passing a current through the outgassed filament and 
heating it to redness the peroxide could be broken down to 
give oxygen, barium oxide remaining on the filament. 

Experiments to investigate the recovery of photocurrents 
after oxygen poisoning were carried out as follows. The 
cathode was illuminated with white light from the tungsten 
filament source and a value for the initial unpoisoned photo- 
current (either photoelectric emission or photoconductivity) 
was obtained by applying potentials to the anode or to the 
probe. Oxygen was released by heating the poisoning 
filament for an arbitrary period of the order of 10 seconds, by 
which time the photocurrent would normally show a con- 
siderable reduction. The photocurrent was then monitored 
as a function of time after the current in the poisoning fila- 
ment was cut off, and a recovery curve was traced. 


2.5. Conductivity in a magnetic field 


The experimental tube was set up with its cathode lying in 
the direction of the magnetic field between the pole-pieces of 
a Newport Type A Clarendon design electromagnet. The 
magnetic field was thus perpendicular to the approximately 
radial electric field between the probe and cathode base. The 
magnetic field as a function of the current in the coils of the 
electromagnet was determined for two separations of the 
pole-pieces, 6:5cm (for tubes of the M series) and 21 cm 
(for the PC series), using a search coil and fluxmeter. 

The effect of the magnetic field on dark conductivity 
currents could be investigated by determining the approxi- 
mate conductivity in zero magnetic field by applying a 
potential of, say, 100 mv between probe and cathode base, 
reversing the polarity of the potential and observing the 
difference in electrometer readings; this procedure was 
repeated when a current was passed through the energizing 
coils of the electromagnet. The zero-field conductivity was 
redetermined after the energizing current had been cut off. 

A similar procedure was followed in the investigation of 
the effect of the magnetic field on photoconductivity currents. 
The photoconductivity current for white-light illumination 
for a fixed probe potential was determined first in zero 
magnetic field and then in a magnetic field of the desired 
magnitude. It was not found possible to investigate the 
effect for photocurrents induced by monochromatic illumina- 
tion, as the currents to be measured when the cathode is 
illuminated by the monochromator are less by a factor of 
about 10* than those produced by white-light illumination. 
The electrometer was found to be less stable in these experi- 
ments than in those where the tube could be adequately 
screened, and such small currents could not be measured 
accurately. 


3. Experimental results 


3.1. Thermionic emission and electrical conductivity 


Thermal activation energies for the cathodes under investi- 
gation have been obtained from the gradients of conductivity 
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plots and of Richardson plots for thermionic emission, using 
the methods described by Hopkins and Vick (1958). Emis- 
sion characteristics are obtained at a number of cathode 
temperatures T and the zero-field emission current ig is 
determined from the point of intersection of the retarding and 
accelerating field characteristics. The emission current 
density is sufficiently low for space-charge effects to be small, 
even at the highest temperatures employed (about 950° k), 
and saturation of the characteristics is good. A Richardson 
plot of log ip/T* against 1/7 may be prepared and normally 
approximates to a straight line; the gradient of the line gives 
the Richardson work function ¢p. 

The electrical conductance o of the cathode coating at any 
temperature may be obtained by tracing a conductivity 
current-voltage characteristic for small potentials applied 
between the probe and the cathode base. The gradient of 
the characteristic at the origin is a measure of o. Graphs of 
logo against 1/7 show the characteristic Loosjes-Vink 
pattern previously observed by Hopkins and Vick (1958) for 
calcium oxide coated cathodes, showing the existence of two 
temperature-dependent conductivity mechanisms acting in 
parallel. Hopkins and Vick used the symbols Q; and Q, 
to represent the activation energies of the high- and low- 
temperature processes respectively; Qj -or;, represents the 
value of Q, corrected for the parallel low-temperature 
mechanism by the simple method described by Shepherd 
(958)3 

The average Richardson work function for the most active 
states of eight cathodes prepared in the present work was 
dp =1:6 +0-:2ev. The average gradients of the con- 
ductivity plots, also for the most active states, corresponded 
to. O; = 1:4 + 0:2ev, 0, =0:8 + 0-2ev and CO, = 
1:7 +0-2ev. These values should be compared with those 
quoted by Hopkins and Vick, where the average Richardson 
work function for five cathodes was 1:7 + 0-1 ev, and the 
conductivity plots for these cathodes yielded values of 
O; =1:1+0-lev;- 0, =—0-8 +0-lev and O,... = 
1:3 +0-lev. A further comparison may be made with 
conductivity results obtained with samples of calcium oxide 
contained between two flat nickel buttons, spring-loaded in 
contact (Mee 1961). The values obtained were Qj cop, = 
1-2 +0-2ev and Q, = 0-7 + 0-1 ev. 


3.2. Photoelectric emission 


A typical current-voltage characteristic for photoelectric 
emission caused by white-light illumination is shown as the 


N 
oO 


a 


Photocurrent/ unit incident intensity iph (arb. units) 


25 30 
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Photon energy (eV) 
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2. Spectral sensitivity of photoelectric emission from calcium oxide at 290° x. 
5; — — — tube PC 9. 


700 


continuous curve in Fig. 1. Photocurrents saturate in bq 
directions; it is of interest to note that photocurrents ¢ 
observed both from the cathode and from the anode, w 


(iA) 


Photocurrent 


Applied potential (V) 


Fig. 1. Photoelectric emission and photoconductivity current 
voltage characteristics for activated calcium oxide under 
white-light illumination. photoelectric emission at 
300° kK; — — — photoconductivity at 300° k. 


I 
t 
| 
is illuminated by reflection from the cathode, and are of sui} 
a magnitude as to indicate that the photosensitivity of t 
anode must be considerably greater than that of the cathod 
This photosensitivity is attributed to the presence of a thf) 
film of material evaporated from the cathode during acti 
tion and operation. The photoelectric properties of such fil 
have been the subject of a further investigation, the resu 
of which will be reported in a subsequent paper. 

Typical spectral sensitivity curves for photoemission fra} 
two cathodes are shown in Fig. 2, in which the photocurre 
per unit incident intensity, i,,, have been plotted agai 
linear and logarithmic axes. The photocurrents have be 
expressed in arbitrary units, but in the typical cases sho 
the currents at an incident wavelength of 5600 A (2-23 
for an incident power of about 10—° w were about 4 x 107! 
and 10—-!!4 for PC 5 and PC9 respectively, correspondi 
to about 8 x 10-7 and 2 x 107° photoelectrons per quant 
of incident light. 


| 
| 


20 
Photon energy (eV) 


tube 
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The curves obtained for the various cathode activation 
states generally show considerable similarity, with a fairly 
| rapid increase in spectral sensitivity with increasing incident 
photon energy up to about 2-2 ev, where the increase becomes 
more gradual. There are some indications of structure in the 
spectral sensitivity curves between about 2-5 and 2-6ev; 
this is more apparent in the curves drawn against linear than 
logarithmic scales. The 2:5—2-6 ev structure is observed in 
all states of thermionic activation, and is apparently insensi- 
tive to changes in the thermionic work function; on the other 
hand, it is generally found that cathodes with low thermionic 
work functions show an extended tail in the spectral sensitivity 
curves towards low photon energies. The Richardson work 
functions of the cathodes which yielded the curves in Fig. 2 
were 1:Oev (PC 5) and 2:4ev (PC9), and the spectral 
sensitivity curve for PC5 extends considerably further 
towards low photon energies than does that for PC 9. 

The temperature variation of white-light photoemission 
has been investigated by illuminating the cathode with white 
light from the tungsten filament lamp and determining the 
photocurrent as a function of the temperature of the cathode 
base. At temperatures above about 500° kK it was necessary 
to correct the photocurrent for a thermionic emission com- 
‘ponent, and at temperatures above about 800° k the ther- 
| mionic current became much larger than the photocurrent. 
| A typical temperature variation curve is shown in Fig. 3. 


3.3. Photoconductivity 


Current-voltage characteristics for photoconductivity 
induced by white-light illumination also saturate in each 
ii direction. A typical curve is shown in Fig. 1. Potentials of 
up to 10 v in each direction have been applied between probe 
(and cathode base to display this effect. In many cases it was 
‘\ found that the photoconductivity current in one direction was 
if very much less than that in the other, and in these cases it 
was possible to determine the spectral sensitivity of photo- 
Wconductivity for current flowing in one direction only. 
Experiments on cathodes in which it could be determined in 
both directions indicated that the spectral sensitivities of 
photoconductivity currents to and from the probe (‘positive’ 
‘and ‘negative’ photoconductivity currents) were the same, 
within experimental error. Fig. 4 illustrates the spectral 
+ sensitivity curves for photoconductivity in two cathodes. The 
«form of the curves is very similar to that for photoelectric 


Photocurrent /unit incident intensity ip¢ Carb. units) 
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emission (Fig. 2), showing the same rapid increase at low 
photon energies, with just resolvable structure at 2-5—2-6 ev. 
The temperature variation of white-light photoconductivity 


4 


Log i (photocurrent i in arb. units) 


500 


400 


500 600 


(°K) 
Temperature variation of photocurrents induced by 
white-light illumination. Tube PC 5: 


negative photoconductivity current, 

—— —— —— positive photoconductivity current, 

external photoelectric emission (curve displaced 
downwards). 


700 800 


Temperature 


Figa3: 


may be determined by tracing the illuminated and dark con- 
ductivity current-voltage characteristics at a number of 
temperatures. The current due entirely to illumination can 
be obtained by subtracting the dark conductivity current 
from the photoconductivity current at corresponding probe 
voltages. The temperature variations of the saturated 
positive and negative photoconductivity currents are similar 
(Fig. 3) and bear a marked resemblance to the temperature 
variation of external photoelectric emission. 


3.4. Oxygen poisoning experiments 


Figure 5 shows the results of an experiment in which the 
white-light photoelectric emission and photoconductivity 
currents were monitored simultaneously as a function of time 
after oxygen poisoning. The vertical axis represents the 
photocurrents expressed as percentages of the original 
unpoisoned photocurrents, and the time scale has been 
measured from the moment of switching off the current in the 
poisoning filament. It is observed that photoelectric emis- 
sion and photoconductivity follow a similar recovery curve. 


Photon energy (eV) Photon energy (eV) 
Fig. 4. Spectral sensitivity of photoconductivity in calcium oxide at 290° kK. 
— tube PC 5; — — — tube PC9. 
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It should, however, be pointed out that the form of the 
recovery curve is apparently a function of the partial pressure 
of oxygen, as curves of different form have been obtained for 


60 
50 
= 40 
eS) 
30 
20 
0 2 4 6 8 10 
Time after oxygen poisoning (min) 


Fig. 5. Recovery of photocurrents after oxygen poisoning 


photoelectric emission at 290° k; 
photoconductivity at 290° k (tube PC 7). 


experiments in which the filament was flashed for varying 
lengths of time. In each case, however, the photoemission 
and photoconductivity currents recovered in a _ similar 
manner. 


3.5. Conductivity in a magnetic field 


Figure 6 shows the dependence of f(c) = (a9 — Gy)/oo 
on H, where gp is the conductivity in zero magnetic field 
and oy is the conductivity in magnetic field H, determined 
at a cathode temperature of 950° k (tube M 5; continuous 
curve in Fig. 6). The break point in the conductivity curve 


flo), fCi) 


Magnetic field H (kOe) 


Fig. 6. Magnetoresistive effect in dark and illuminated con- 

ductivity, = —— dark conductivity at 950°x, vertical 

axis, f(o);— ——— illuminated conductivity at 290° x, vertical 
axis, f(i) (tube M 5). 


for this cathode occurred at 780° kK; thus, on the Loosjes—Vink 
theory, the electrical conductivity of the cathode at tem- 
peratures above 780° k is largely due to electron emission 
across the pores of the cathode coating, and the pronounced 
magnetoresistive effect displayed at 950°x is due to the 
superposition of a transverse drift velocity on the electrons 
travelling through the cathode matrix. Figure 7 shows the 
temperature variation of f(a) determined at a fixed value 
of H of 1000 oersteds, together with the conventional con- 
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ductivity plot (tube PC 5). At temperatures below the brei) 
in the conductivity plot, f(a) becomes very small. | 

A magnetoresistive effect is also observed in phot) 
conductivity at room temperature. In Fig. 6 f (i) i} 
(iy — ig)/ip has been plotted against H as a broken line, whe), 


(d in arb. units) 


Log d 


10°/T (7 in°K) 
Fig. 7. Temperature variation of the dark magnetoresistive; 
effect (-—-—-) and of electrical conductivity 
(tube PC 5). 


H | 


ig and iz, are the photoconductivity currents in zero magne 
field and in magnetic field H, respectively (tube M 5). The 
is considerable scatter of the points about the curve dra 
due to difficulties in measuring small currents from t} 
unscreened tube, but the form of the curve is sufficiently cley 
to show its similarity to that for dark conductivity in the sa: 
cathode in the pore conduction region (the continuous cur 
in Fig. 6). A similar curve of f(i) plotted against H 
obtained whether photocurrents from the cathode base 
the probe, or from the probe to the cathode base, are measure 
The possibility exists in all the experiments relating 
photoconductivity currents that what has been considered 
be a photoconductivity current to and from the probe is} 
photoemission current to and from the probe support 
which are external to the cathode surface. Among the tub | 
constructed was one in which particular precautions well 
taken against the illumination of the probe supports, eit | 
directly or by reflection from the cathode and anode. Int | 
tube photocurrents were observed both to and from the pro | 
and the magnetoresistive effect in illuminated conductivi H 
was obtained for both positive and negative photocurren | 
If photoemission from the probe supports was an importa | 
factor, negative photocurrents would not have been observe} 
(or would have been very much diminished) in this tub} 
The fact that they were observed suggests that any compone 
of the negative photoconductivity current due to phot 
emission from the probe supports must be very small cor} 
pared with that originating in the region of the cathode new 
the embedded probe. 


| 
| 


4. Discussion 


4.1. Photoelectric emission and photoconductivity 


Spectral sensitivity curves of photoelectric emission 4 
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* and a more gradual increase above this figure, and in addition 
some structure is obtained at 2-5—2-6 ev in each set of curves. 
|. A closer examination of the logarithmic spectral sensitivity 
| curves for each cathode shows that they can be approximately 
) superimposed by applying vertical and horizontal transla- 
tions, the horizontal translation in all cases being small (of 
the order of 0-1 ev). The close similarity of photoelectric 
emission and photoconductivity spectral sensitivity results 
recalls the interpretations which have been put forward by 
Sakamoto (1954) as a result of his investigations on barium 
oxide cathodes. The small horizontal translation required to 
bring photoelectric emission and photoconductivity curves 
into approximate coincidence may be interpreted on con- 
ventional semiconductor theory by supposing the optical 
external work function to be very small, of the order of 
0-1 ev, or alternatively by assuming that the photoconductivity 
currents observed in the porous cathode are in fact photo- 
emissive currents across the cathode pores. The latter 
interpretation is strongly favoured by the experimental 
evidence described in § 3.4 and § 3.5, and is discussed in 
further detail in § 4.2. 

Considerable caution is required in deducing optical 
activation energies from the spectral sensitivity curves. 
Cut-off photon energies can be obtained from the sensitivity 
curves drawn against linear axes, but cannot yield activation 
energies of any significance. The curves drawn against 
logarithmic axes are nearly linear at low photon energies and 
Mii cect that if a more intense source of illumination or a 
more sensitive electrometer had been used a lower cut-off 
energy would have been obtained. Arbitrary thresholds 
't obtained from these cut-off energies show a rough correlation 
with thermal activation energies obtained from Richardson 
‘!and conductivity plots for corresponding states, low values 
of the photoelectric thresholds being associated with low 
thermal activation energies. This can merely be taken as an 
indication that thermionic activity and photosensitivity are 
‘correspondingly greater in the more active states of the 
icathode. 

It is suggested that the structure observed in the experi- 
mental curves for photoelectric emission at about 2-6 ev 
may be due to the existence of an impurity level at this depth 
{below vacuum potential. This level cannot, however, be the 
‘one associated with thermionic emission and electrical con- 
ductivity, as the structure is observed at approximately the 
isame photon energy in all states of cathode activation over 
4a wide range of values of the Richardson work function. 

It should be pointed out that it is unlikely that any structure 
observed in the present work should have arisen from 
intrinsic transitions from the filled band. The calcium oxide 
{cathode is normally white, showing that there is no con- 
{siderable change in optical absorption in the visible region 
#(1 -6-3-0 ev) to correspond with the intrinsic absorption edge. 
It may, however, be mentioned that on storing activated 
calcium oxide cathodes a blue coloration frequently occurs: 
this has been reported previously by Hopkins and Vick (1958). 


4.2. Pore photoconductivity 


| Shepherd (1953) and Higginson (1957), who studied the 
recovery of thermionic emission and electrical conductivity 
in oxide coated cathodes after oxygen poisoning, found that 
at temperatures above the break in the conductivity plot 
emission and conductivity recovered in the same charac- 
teristic manner; at temperatures below the break the recovery 
curves were quite different. This information has been used 
to strengthen the Loosjes-Vink theory of pore conduction at 
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high temperatures. In the present work, the similarity of the 
recovery curves of photoelectric emission and photo- 
conductivity after oxygen poisoning at room temperature 
Suggests that at this temperature the photoconductivity 
current originates in a photoemissive process. That the 
photoemissive nature of photoconductivity may extend over 
a considerable temperature range is suggested by the similarity 
in form between the temperature variations of photoelectric 
emission and photoconductivity (Fig. 3). 

Forman (1954) and Metson (1959) have noted that at 
temperatures above the break in the conductivity plot for 
barium oxide and mixed oxide cathodes a marked magneto- 
resistive effect is observed. At temperatures below the break 
no effect is measurable. This behaviour, also, has been 
intrepreted in favour of the Loosjes—Vink theory. The present 
work shows that a similar magnetoresistive effect is observed 
in dark conductivity in calcium oxide coated cathodes, and 
helps to confirm that calcium oxide cathodes are pore con- 
ductors at high temperatures. The close similarity between 
the graph of f(c) against H for dark conductivity in the pore 
conduction range and that of f(i) against H for photo- 
conductivity at room temperature suggests that photo- 
conductivity is a pore phenomenon at room temperature. 

The experimental results thus lead to the conclusion that 
photoconductivity in calcium oxide coated cathodes at room 
temperature is effectively a process of photoelectric emission 
across the pores of the cathode. Thus a study of the spectral 
sensitivity curves for photoelectric emission and photo- 
conductivity can only yield information referring to the 
position of energy levels relative to vacuum potential, and it 
is not possible to deduce the optical surface work function 
from the results of the present work. Slight differences 
between the spectral sensitivity curves for photoelectric 
emission and photoconductivity in the same cathode may be 
ascribed to differences in the emitting surfaces. The photo- 
electric emission results are bound to be affected by the 
cathode layers near the surface, outside the probe, where a 
proportion of the incident light is absorbed, but this region 
of the cathode can have no effect on the photoconductivity 
results. 


4.3. Thermionic emission and electrical conductivity 


The mean Richardson work function for thermionic 
emission from activated calcium oxide cathodes and the value 
of Q>, the mean activation energy of the low-temperature 
conduction process, given in § 3.1, are in agreement, within 
experimental error, with the values reported by Hopkins and 
Vick (1958) and by Mee (1961). The mean activation energy 
for the high-temperature conduction mechanism is, however, 
rather greater than those quoted in the earlier papers. In 
the present case the mean corrected high-temperature activa- 
tion energy is equal, within experimental error, to the mean 
Richardson work function, and in agreement with the 
predictions of the Loosjes-Vink theory. If x is the surface 
work function of calcium oxide and AE the depth of the 
impurity level associated with thermionic emission and 
electrical conductivity below the conduction band, the 
Richardson work function dp is approximately equal to 
xy + AE/2. The present results suggest the existence of an 
impurity level at a depth of about 1-6 ev below the bottom 
of the conduction band and 2:4 ev below vacuum potential, 
in the most active state of the cathode; the surface work 


function y, obtained by direct subtraction of Q, from ¢p, is 
about 0:8 ev. The relationship between thermal and optical 
activation energies cannot be deduced from the present 
results. 
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5. Conclusions 


The porous structure of the calcium oxide coated cathode 
has been shown to play an important part in the photoelectric 
as well as in the electrical properties of the cathode. Com- 
parative investigations suggest that the process of photo- 
conductivity at room temperature is very similar to that of 
dark conductivity at higher temperatures, where the greater 
portion of the conductivity current is carried by a process of 
free electron flight across the pores of the coating. 
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Notes and comments 


Vapour Pressure Tables of Non-associating Substances 


Dampfdrucktabellen nichtassoziierender Stoffe (Vapour 
Pressure Tables of Non-associating Substances), edited by 
E. Oehley, has just been published as a new addition to the 
Dechema-Erfahrungsaustausch series. 

The booklet provides the possibility of readily obtaining 
approximate information on boiling temperatures under a 
wide range of pressures, provided that the boiling point at 
760 torr is known. It may be obtained from the Dechema 
Deutsche Gesellschaft fiir chemisches Apparatewesen E.V., 
Frankfurt (Main) 7, Postfach 7746. The price is DM 16.80 
plus postage. 


Frontier 


We have received a copy of Frontier which is published 
by the Armour Research Foundation of Illinois Institute of 
Technology. The Armour Research Foundation celebrates 
its 25th Anniversary this year and Frontier has been redesigned 
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{conditions that the maser crystals should be capable of 


Microwave appraisal of maser crystals 


MS. received 7th July 1961, in revised form 3rd August 1961 


Abstract 


The potentialities of microwave spectrometer techniques in 
assessing the purity and crystalline quality of synthetic 
maser crystals are illustrated by a comparison of the 
| paramagnetic properties of ruby samples grown from the 
vapour phase and from powder by flame fusion. Typical 
spectra presented are discussed in relation to com- 
plementary chemical and spectrographic analysis, and it 
is shown the information obtained is of direct relevance 
to the accurate control of methods of crystal growth. 


1. Introduction 


HE increasing interest in low-noise maser amplifiers 
(Bloembergen 1961), both from the fundamental view- 
point and from that of developing complete microwave 
receiving systems incorporating their use, has emphasized 
the importance of the purity and perfection of the maser 
crystal and of the need for batch-to-batch reproducibility in 
In addition to the overriding 


growth i in single crystal form, possess the correct energy level 


| scheme for the frequencies at which it is to be operated and 
4 have a reasonable relaxation time, a number of other pro- 
| perties are desirable if optimum maser performance is to be 


achieved. In the first place, the concentration of the required 
paramagnetic ion should be accurately controlled, since this 


'determines the absorption line width and hence influences 
‘the bandwidth obtainable in any maser device; 


it can also 


Vaffect the spin lattice relaxation time and may alter the 
‘pumping power required for maser operation at a given 


‘temperature. 


Secondly, the crystal should be free from 
unwanted paramagnetic impurities whose absorption lines 


coincide with or are very close to those of the required 


paramagnetic ion. If such impurities were present it would 


‘be possible for pump power to be wasted by saturating an 


‘unwanted transition, or for the relaxation time of the required 
transition to be seriously reduced by spin-spin coupling to 
an impurity transition having a very short relaxation time. 
Microwave spectrometer techniques are particularly suit- 
able as a means for studying these features, because measure- 
ments can be made under conditions similar to those 
experienced in maser operation. They are also useful in 
‘supplying more detailed information on the effects of crystal- 
line perfection than can readily be obtained from visual 
inspection or simple polarized light and x-ray techniques. 
‘The measurements quoted in this paper refer specifically to 
synthetic ruby (Cr?+ in Al,03) which, especially at wave- 
lengths above 3 cm, is still widely used as a maser material, 
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both on account of its relatively long relaxation time (Kikuchi 
et al. 1959, Pace et al. 1960) and because of its good 
mechanical and chemical stability. The techniques discussed 
in the following sections are, however, applicable to any 
solid maser material, and preliminary investigations are 
already in progress on chromium and iron doped rutile, 
which appear to be useful materials for millimetre wavelength 
masers (Foner et al. 1961). 


2. Microwave spectrometer appraisal 
Technique 


Since microwave spectrometer techniques are fairly well 
known, only the salient features of the method adopted will 
be given. Measurements were, for convenience, made with 
an 8 mm spectrometer which has previously been described 
(Pace et al. 1960). Within the fairly wide limits imposed by 
the ability to see transitions with a matetial of given zero 
field splitting the frequency of measurement is of secondary 
importance. On the other hand, the temperature should be 
either that at which the material is to exhibit maser action, 
or preferably lower, since if impurities whose transitions have 
very short relaxation times are present they will remain 
undetected at high temperatures, e.g. 77° K or room tempera- 
ture, as their absorption lines may not be visible. In the 
present survey all measurements were made at 1:4°k. To 
simplify the interpretation of the spectra and to enable 
comparison to be made with some previous experiments on 
adiabatic rapid passage (Thorp ef a/. 1961) an orientation of 
@ = 90° was used throughout. The magnetic field values at 
which transitions occurred and their relative peak intensities 
were recorded; observations of the line shape were also taken. 


Samples investigated 


Details of the method of growth and nominal concentration 
of the samples investigated in the present survey are given in 
Table 1. 

It should perhaps be pointed out that all the crystals 
examined were not in the fully annealed state, and it must also 
be borne in mind that the samples on which results are quoted 
were chosen to illustrate effects which may arise during the 
development of growth techniques, and do not necessarily 
represent the quality of crystal which may ultimately be 
obtainable. 

Results 


Typical results obtained on some of the samples listed 
above are shown in Figs | and 2, in which 0 dB corresponds 
to the noise level. In these the field values at which absorption 
lines occurred are given, together with the relative peak 
intensities. Where possible the lines were identified by 
comparison with the known spectra of chromium (Geusic 
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Table 1. Details of growth method used in the samples 
investigated 
Sample Material Remarks 
Pal Ruby Nominal 0:1°% Cr ruby. Grown 
from powder by a flame fusion 
method. 
P2  Undoped Al,O, Starting material for P 1. Grown 


by same method. 


V1 Ruby Nominal 0:1°% Cr ruby. Grown 
from vapour phase; Method I. 
V2  Undoped Al,O, Starting material for V1. Grown 
by same method. 
V3 Ruby Nominal 0:1% Cr ruby. Grown 
from vapour phase; Method II. 
V4  Undoped Al,O; Starting material for V 3. Grown 
by same method. 
2 
0 5 10 15 
2 Cr 
200 Cr 
50 
* 40 
30 
20 
l0F Fe 
0 3) 10 15 
Magnetic field (k Oe) 
Fig. 1. Spectra of samples grown by flame fusion from 


powder. 


(a) Undoped aluminium oxide, P2; (6) Ruby, Pl. Orientation 
6 ~ 90°, 34:6 Ge/s. 


1956, Howarth 1958, unpublished M.O.A. report) and iron 
(Bogle and Symmons 1959, Howarth 1960, unpublished 
M.O.A. report) in aluminium oxide; the iron lines could be 
uniquely identified because there are two non-equivalent 
Fe?+ ions in the unit cell and rotation of the magnetic field 
separated each line into a doublet, except at the symmetrical 
orientations giving coincidences. Samples V3 and V4 gave 
spectra almost identical to V1 and V2 respectively. The 
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(dB) 


Cr 


Relative intensity 


15 


5 
Magnetic field (k Oe) 


Fig. 2. Spectra of samples grown from vapour phase. 


(a) Undoped aluminium oxide, V2; (b) Ruby, Vi. Orientation 
6 ~ 90°, 34-6 Ge/s. 


most striking feature is the comparative freedom from ir 
contamination in the crystals grown from the vapour phasjj 
since both samples V1 and V3 were found to contain veq 
little iron and no other detectable impurity. In these sampl}} 


from powder, contains iron in considerably greater quantitiif 
and, in fact, shows Fe?* transitions whose intensities a 
almost equal to those of some of the chromium lines; 
addition, this sample gave numerous additional lines, soni 
of significant intensity, which have not been identified. It 
interesting to note the close correlation in the intensities 4} 
the Fe?+ spectra obtained from corresponding ‘pure’ a 
doped samples. 

Observations of the line width and shape, which may si 
made either at low or room temperatures, give informatic 
regarding the crystalline perfection of the sample. It w 
be noticed from Figs 1 and 2 that, in some samples, chromiu 
transitions, which should have been single lines since all t 
Cr3*+ sites are identical, were in fact wholly or partial 
resolved doublets whose width was approximately 30 oersted 
these results showed that some form of twinning or macrd 
scopic mosaic structure was present. Although this is nd 
important in the appraisal of chemical purity, it would 
very detrimental from the point of view of, for exampldf 
precise spectroscopic measurements, the attainment afi 
optimum microwave maser performance and the homdf 
geniety of refractive index in an optical maser sample. 


| 


} 


| 


3. Complementary analytical techniques 


The spectra given in Figs 1 and 2 show that microwa 
spectrometer techniques form a sensitive means of detectin 
paramagnetic impurities. The method of identifying the4 
nature by comparison is, however, limited to those ions whos 
paramagnetic properties in the host lattice are known. Henc} 


determining the nature of impurities which may be present} 
this method should also enable concentrations to be detez} 
mined quantitatively, since it is not easy to make this measuré 


ment accurately by microwave methods. In this respeq} 
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chemical and optical spectrographic techniques offer the 
most promising approach, with polarographic and x-ray 
fluorescence as possible alternatives suitable for particular 
impurities. Work along these lines has been undertaken by 
the Chemical Inspectorate, Woolwich, with particular 
reference to the accurate determination of chromium content 
in a small sample (thus enabling a measure of the uniformity 
of doping of the crystal to be obtained) and to the deter- 
mination of trace quantities of iron in the presence of 
chromium. Details of these techniques will be reported in 
separate publications. The analytical results for the present 
series of samples are given in Table 2. 


Table 2. Chromium and iron content of samples estimated 
by chemical and optical spectrographic techniques 


Chromium concentration Iron concentration 


Chemical Spectrographic chemical 
Sample (atomic %) (atomic %) (atomic %) 

Pl ruby 0-038 0-033 0-035 
P2 undoped A1,0; <0-001 <0-005 0-039 
V1 ruby 0-023 0-025 0-004 
V2 undoped AI,0O; <0-001 <0-005 0-004 
V3 ruby 0-011 0-008 0-004 
\V4 undoped Al,O; <0-001 <0-005 0-004 


i Table 2 the chromium and iron concentrations are 
expressed as atomic percentages, i.e. the number of Cr or 
\|7e atoms per 100 molecules of Al,O3. These were derived 
irom the weight percentages by multiplication by half the 
Me ccules weight of Al,O; and by division by the atomic 
yveights of chromium and iron respectively. It may be noted 
hat the chromium concentrations in all the ruby samples 
ire considerably smaller than the nominal concentrations, 
»ased on the proportions of additive to host in the starting 
ijmaterials, quoted in Table 1. It also appears that samples 
yf the same nominal concentration, grown by different 
ynethods, yield true chromium concentrations which may 
liffer by a factor of about three times. The difference 
yetween the nominal and true concentration arises from the 
jlifference in volatility of the host lattice material and the 
jidded paramagnetic material at the growing temperature, 
jind the factor of three indicates the extent to which this 
jaay be influenced by various conditions of growth. 


4. Discussion 


The spectra of Figs 1 and 2 were obtained primarily to 
letect and identify impurities. Thus although the samples 


jvere taken under similar conditions of coupling and receiver 
jain, further information regarding individual line widths and 
Pasition probabilities is necessary to enable detailed 
uantitative correlation with the analytical results to be 
aade. The peak intensities observed can, however, be used 
o make some approximate comparisons. For example, in 
jhe crystals grown from the vapour phase, the iron content 
}f the undoped Al,O, (V2, Fe 0:004%) gave a maximum 
eak intensity about 5 dB above noise; this remained about 
lhe same in the corresponding ruby (V1, Fe 0:004%, Cr 
|-024 %) giving an intensity difference of about 28 dB between 
|he strongest chromium and iron transitions. In the crystals 
|rown from powder, the intensities of the corresponding iron 


i 
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transitions in both the undoped AI,O; (P2, Fe 0:039°%) and 
ruby (Pl, Fe 0:039%, Cr 0:035%) were about 43 dB above 
noise. Both techniques thus indicated that the crystals 
grown from the vapour phase contained less iron than those 
grown from powder, and that the iron content of the rubies 
was substantially independent of the addition of chromium; 
they could not, however, differentiate between contamination 
which arose from impurities present in the starting materials 
or entered during growth. The difference in peak intensity 
of about 38 dB between corresponding iron transitions in 
P2 and V2 was considerably greater than expected from the 
ratio of their iron concentrations, and this suggested that 
there might be a significant difference between the amount 
of iron estimated analytically and that entering the lattice 
as Fe*+. The paramagnetic spectra also showed variations 
in the relative intensities of transitions due to the same ion, 
which were more pronounced for Fe*+ than Cr3+. It can 
be seen, however, that the information which can be derived 
from the paramagnetic spectra is directly relevant to crystal 
growth procedures, and that systematic study of samples 
grown under known conditions would be valuable in estab- 
lishing growth techniques for very high purity crystals. 


5. Conclusions 


The use of a microwave spectrometer as a tool for the 
assessment of ruby maser crystals has been demonstrated. 
The chief advantage of the method was that the crystal could 
be examined under conditions which corresponded closely to 
those under which it would be required to operate in a 
maser. Comparison of ruby grown from the vapour phase 
with that grown by flame fusion from powder showed that, 
at the present stage of development of the growing techniques, 
the former was very much more free from impurities. When 
coupled with complementary chemical analytical techniques 
a powerful method of assessing material was obtained. 
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Abstract 


The method of measurement of the emissivities is described. 
Two different lengths of wire, of the same diameter, were 
electrically heated in vacuo. By this procedure the end 
cooling correction could be eliminated experimentally. 
From the readings of wire resistance and current the net 
rate of radiant energy loss from the wire to the surround- 
ings, and hence the wire emissivity, could be found. 

The values of emissivity are compared with those for 
platinum wires and also with values calculated from wire 
resistivity on the basis of electromagnetic theory. 


1. Introduction 


LTHOUGH data exist on the emissivity of platinum 
wire at high temperatures, there have been few data 
available for platinum—-10°% rhodium, despite the use 


of this alloy in thermocouples and sometimes in resistance 
thermometers. For this reason the work was carried out. 


2. Principles of the method 


If a fine wire, mounted between larger diameter main leads 
is electrically heated in vacuo then, in the steady state, the 
electrical power supplied to the wire is equal to the sum of 
the net rate of radiative energy loss from the wire and the 
rate of conductive energy loss from the wire to the main leads. 
As the wire length is increased the rate of conductive energy 
loss becomes a smaller proportion of the power supplied. 
From measurements of the electrical power consumption it 
is possible to obtain the net rate of radiative energy loss and 
hence values of emissivity of the wire. 

Davisson and Weeks (1924) used this method to find the 
emissivity of pure platinum wire of approximately 0-006 in. 
diameter. They employed two separate wires of different 
lengths and by means of an extrapolation of their experi- 
mental results, together with a theoretical analysis of the 
conduction loss, they allowed for the cooling effect of the 
main leads and also of the separate potential leads. They 
obtained values of emissivity at wire temperatures between 
300° k and 1500° k 

A variation of this method was employed in the work here 
described. If the fine wire is surrounded by a container at a 
uniform temperature 7, then the wire is effectively exposed 
to black radiation from a body at this temperature and some 
of it will be absorbed. The energy equation for such an 
electrically heated wire, mounted between main leads in 
vacuo, with black body surroundings, is 


KT dx) 4o 
¥ iEeE qer — «T,*) =0 (1) 
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where 7 = temperature (° K) at distance x from one end | 
the wire, k = wire thermal conductivity, i = electric curr 
through wire, r = wire electrical resistance per unit length: 
temperature 7, J = mechanical equivalent of heat, d = 
meter of wire, o = Stefan—Boltzmann constant, € = 
emissivity at temperature 7, « = wire aise | 
temperature 7, to black body radiation from container wal 

Meters si of Eqn (1) for the boundary conditic 

— 300° k, the temperature of the mains leads, at x = 0a) | 


s(D)an = 0 at an infinite distance from the end of a wi 
ie 


of semi-infinite length were obtained (see §5). For al) 
required value of i, the temperature distribution along t 
length of the wire could be found and two of these dist} 
butions for semi-infinite platinum-10°% rhodium of 
diameter used in the experiments, are shown in Fig. 1. 
both main leads were at the same temperature, the act 
distribution for a particular wire was symmetrical about ti] 
mid-point. The mid-point of the shorter wire used is show 
by the line AA in Fig. 1. The cooling effect of the ma 
leads is clearly shown. : 


1500, ‘A 
r 
1250+ / 
1000; | 
Ss) 
~» 750r 
= 
= 500} 
= 
‘A 
250 
V/ 1 
0 01 02 03 04 05 06 
Distance from end (in) 
Fig. 1. Temperature distribution along wire. 
Provided that the total length of the wire was sufficient | 


give a central region where the temperature was sensi} 
constant, any increase in wire length, other paramete | 
remaining unchanged in value, resulted in an equal increa}) 
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in the length of the central region. The temperature dis- 
tribution at the ends was the same in both cases. It was as 
if an extra length of wire at the constant central region 
temperature 7, had been added to the original wire. This 
was the basis of the experimental method. 

Two wires, alike in all other respects but with a difference 
in length, X, were heated in vacuo and readings taken of the 
wire total resistance and the corresponding current. Provided 
that the length of the short wire was adequate then, for a 
given current, the two wires attained the same central 
temperature 7,. Let R, and R, be the resistance of the long 
and the short wires respectively, for the same wire current. 
As the ‘extra’ length of wire X may be regarded as being at 
the central region temperature 7, it follows that the wire 
electrical resistance per unit length r,, at this temperature, is 

given by 


7, (2) 


Over this length the first term in Eqn (1) is zero and the wire 
‘femissivity is given by 

2 
- UT ' 


i = Ey (3) 
i JadoT.* rae =) : 


if T, in this equation was obtained from the experimentally 
derived values of r, and the resistance-temperature relation- 
ship for the wire. The value of « was obtained theoretically 
‘and this is discussed in §4. The term in « becomes less 
{important as 7, is increased. 


3. Experimental details 


| The platinum—-10% rhodium wires had a mean diameter of 
/0:00057 in. The material was supplied on reels, in 50 ft 
lengths, by Messrs. Johnson Matthey of Hatton Garden. 

4 The straight length of wire to be heated in vacuo was 
electrically welded between platinum-10% rhodium main 
leads of approximately 0-030 in. diameter. The main leads 
passed through a Perspex flange, the seal around the leads 
|being Pizein wax. In the work described, the two lengths of 
wire were 1-425 in. and 1-064 in. 

Wire diameters at room temperature were measured to an 
accuracy of +0-00001 in. for each reading, using a Baker 
microscope, with a magnification of 400. Readings of 
diameter were taken at intervals of 0-1 in. along the length 
of the wire. Wire lengths were measured to an accuracy of 
'+0-001 in. using a Cooke, Troughton and Simms toolroom 
microscope, with a magnification of 50. 

When calculating emissivities from Eqn (3), allowance was 
made for the expansion of the wires due to increase of 
temperature. Room temperature data on coefficients of 
expansion (International Critical Tables 1927) was extrapo- 
lated to higher temperatures, being guided in this by the 
known variation of the coefficients for platinum with 
temperature (International Critical Tables 1927). 

The wire to be heated, welded to the main leads which 
passed through the Perspex flange, was mounted straight and 
horizontal in a steel container. This consisted of a 34 in. 
high vertical cylinder of 5 in. internal diameter. A horizontal 
boss in the side of the cylinder with an opening of 1-125 in. 
internal diameter, allowed the introduction of the main leads 
and wire, which were then in a horizontal position. The 
Perspex flange, now vertical, with a brass backing ring on 
the outside was fastened on to the boss face with six 2 B.A. 
studs. An O-ring in a groove in the boss face effectively 


sealed the joint. 
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An Edwards rotary and oil diffusion pump unit evacuated 
the cylinder, which was fastened to the horizontal flange 
above the baffle valve. The pressure was read on a cold 
cathode ionization gauge mounted on top of the cylinder. 
During the heating of the wire the pressure was always less 
than 10-4 mm Hg and the wire could be observed through 
the Perspex flange. The temperature of the cylinder walls 
varied between 23° c and 25° c during the experiments. 

Having obtained a sufficiently low pressure, the wire was 
electrically heated by direct current and the values of wire 
resistance R,, together with values of wire current i were 
obtained using the circuit shown in Fig. 2. The wire current 


fp 


. 


HOV dc 
Fig. 2. Heating and measuring circuit. 


could be adjusted by means of the variable resistances R, 
and R, whilst R; and R; were the known ratio resistances 
in a Wheatstone bridge. The wire resistance R, was 
measured by noting the value of R, at balance of the bridge, 
indicated by no deflection of the Tinsley mirror galvanometer 
G. The standard resistance of 5 ohms in series with the wire 
enabled the wire current to be evaluated, by measuring the 
voltage drop across the resistance with a Pye No. 7569 
potentiometer P. The variations of R,, with i, obtained for 
the two separate lengths of wire, are shown in Fig. 3. From 
these curves the value of r, was obtained, as indicated by 
Eqn (2). 

The resistance-temperature calibration for the wires was 
obtained by immersing a 14 in. length of wire, in an atmo- 
spheric environment, in a horizontal work tube in a 
Gallenkamp electric furnace. The wire resistance was found 
using a Wheatstone bridge and the temperature by measuring 
the e.m.f. from a sheathed platinum/platinum—13°% rhodium 
thermocouple, also immersed in the furnace tube, with a 
Pye potentiometer. 

The dependence of such a calibration on the chemical 
composition of the gaseous environment of the wire has been 
investigated by the authors (Bradley and Entwistle 1961). 
It was found that after immersion of platinum or platinum— 
10% rhodium wires in nitrogen, argon and air separately at 
temperatures above 1200° c and subsequent recalibration of 
the wires up to 1000°c, the temperature coefficients of 
resistance obtained depended upon the gas in which the wire 
was originally immersed at the higher temperature and upon 
the time of immersion. Also, after electrically heating a 
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plain wire in vacuo an increase in room temperature resistance 
was observed. Subsequent reheating in air caused the room 
temperature resistance to decrease to its original value. 
Quartz coated wires were not affected in the same way; they 
maintained a stable calibration. All these effects are probably 
due to gaseous adsorption or desorption by the metal. 

For the work described it would have been better to 
calibrate the wires in a vacuum furnace, but this facility was 
not available. In order, therefore, to reduce to a minimum 
possible changes in the resistance-temperature relationship 
when heating in vacuo, the following procedure was adopted: 

(i) The wire was heated in vacuo for the shortest possible 
time, just long enough to obtain the required readings. 

(ii) The wire was frequently reheated electrically in air in 
order to re-adsorb any desorbed air, or oxygen. 

(iii) After taking readings at the higher wire temperatures, 
where adsorption and desorption effects are more marked, 
points previously obtained at the lower temperatures were 
checked. 


4, Emissivity of the wires 


The curves shown in Fig. 3 enabled the resistance r, to be 
obtained for different values of the current i, using Eqn (2). 
Knowing the wire resistance-temperature relationship, 7, 
could be deduced and the first term on the right-hand side 


long wire 

ll) 

90F 
S 
38 short wire 
= 

50+ 

x0 

i Node 1 se!) 
0 10 20 30 40 - 


Wire current (mA) 


Fig. 3. Wire heating curves. 


of Eqn (3) evaluated. If the radiant energy received by the 
wire is neglected then the second term on the right-hand side 
of Eqn (3) disappears. The value of the emissivity obtained 
on this assumption is called the apparent emissivity and the 
values of this, derived from the experimental readings, are 
listed for different wire temperatures in the Table. The 
determination of the true emissivity requires a knowledge of 


Apparent and actual emissivities at different wire temperatures (°C) 


Temp (°c) 600 700 800 900 
Apparent € 0:1276 0-1444 0-1597 0-1723 
Actual € 0-1287 00-1450 0-:1599 0-1723 


the value of absorptivity « at the appropriate wire temperature. 

Figure 4 shows emissivities at different wire temperatures. 
The broken curve, based upon a = 0, shows the variation 
of apparent emissivity. For a metal surface at absolute 
temperature T, and for incident black body radiation from 
absolute temperature 7T,, Eckert and Drake (1959) have 
shown, from electromagnetic theory, that the value of « for 
the surface is equal to the value of e for the surface at the 
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temperature (7,7,)?. Using this expression for «, b I 
process of iterration, values of the true emissivity € 


Pt-10% Rh 
0:22 
0:20 
pure Pt 
= bial 
E 
lu 
v6 is 
ay 
014+ os Vi 
0-12 js a ak =f. 1 = 
500 700 900 00 1300 1500 


Wire temperature (°C) 
Fig. 4. Emissivity at different temperatures. 


derived from the values of apparent emissivity. These valu) 
are listed in the Table and are shown by the full line cur}} 
in Fig. 4. At wire temperatures above 900° c the te 
containing « in Eqn (3) is small enough to make the ty}, 
curves coincide. Also shown, for comparison, in Fig.|} 
are the experimental values of the emissivity of pure platinuf) 
wire, obtained by Davisson and Weeks (1924). The}! 
workers compared their values of observed emissivities Ww: | 
theoretical values obtained from an expression deduced fra 
Fresnel’s laws of reflection and Maxwell’s theory of elect 
magnetism. The expression 


€ = 0-751(Tp)!2 — 0-632(Tp) + 0-670(Tp)3/2 — 0-607 (7 


g pure Pt 

S 

SH 

8 Pt-10% Rh 

8 

= 10 

5 0.9 

300 500 700 900 1100 1300 ~=—-:1500 
Wire temperature (°C) HF 

Fig. 5. Ratio of observed/theoretical emissivity at differenti] 


temperatures. 


1000 1100 1200 1300 1400 1450 | 
0-1837 —-0-1937 ~0:2032 0°2122 0:2206 ~ 02248 
0:1837 ,-0-1937 .0:2032) 080: 2127, 302206 0-2243} 


where p = wire resistivity in ohm cm, gives the emissivity as 
function of temperature and resistivity. j 

Davisson and Weeks evaluated the ratio of observed/thed 
retical emissivities at the different wire temperatures and til 
relationship is shown in Fig. 5. The deviation of the rat 
from unity was discussed by the authors. They suggestel 
that, as the wire temperature increases, the shorter wav 
lengths make a relatively greater contribution to the eners 
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‘radiated and the resistivity for these frequencies becomes 


f 


; 
} 


apprec-ably greater than for the zero frequency, assumed in 
the theoretical expression. At the lower temperatures the 
resistivity is less than that for zero frequency, possibly due 
to the response of the system to frequencies close to its 
natural frequency. 

More recent theory shows quantitatively how, for a 
conductor, the spectral emissivity at the shorter wavelengths 
increases as a consequence of the limited response of the 
free electrons to the higher frequency field (Harrison 1960). 

Using expression (4) for theoretical emissivity the ratio of 
observed/theoretical emissivity was evaluated for the 
platinum-10% rhodium wires used in the present work and 
these values are also shown in Fig. 5. The similarity of the 
two curves is apparent and suggests a method of estimating 
emissivities of platinum—rhodium alloys from their resis- 
tivities. 

5. Experimental accuracy 


The experimental method employed depends upon the 
central temperature of the long and short lengths of wire 
being the same, with the same electric current flowing. It 
would, however, be possible to have a length of wire so short 
that the central temperature was lowered by conduction to 


|, the main leads. A check was made to see if the assumption 


rf 


of identical central temperatures was justifiable, by cal- 


culating the temperature distribution along the wires from 


4 Eqn (1). 


i 


The equation was put into finite difference form and solved 


| temperature distribution the experimental values of the wire 
.resistance-temperature calibration were used. Furthermore, 


Eqn (3), used in the experimental determination of €, can be 
rewritten 
4ir 


AT aad pie 
qt eal) = Tra? 


for a central temperature 7 and thus the third term in Eqn (1) 
may be found from the experimental readings as a function 
of JT. In this way the experimental results were used to obtain 
the temperature distribution in order to check the validity of 


the original assumption of identical central temperatures. 


Values of the thermal conductivity of platinum—10% rhodium 
were not available through the required temperature range but 
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the room temperature values of Barrat (1914) were extrapo- 
lated to higher temperatures, being guided by the temperature 
variation of the conductivity of platinum with temperature 
(Holm and Stormer 1930). 

Two temperature distributions obtained in this way for 
wires with central temperatures of 1445° c and 647° c are 
shown in Fig. 1, the centre of the shorter wire used in the 
experiments being indicated by the line AA. The relatively 
greater end cooling effect at the lower central temperature is 
apparent. The temperature distribution with a central 
temperature of 647° c showed that, for the same current, the 
central temperature of the shorter wire was within 0-5° c of 
the central temperature of the longer wire. As the central 
wire temperature falls below 500° c this temperature dif- 
ference increases appreciably and, for the wire lengths used 
in these experiments, this temperature is the lowest at which 
emissivities may be found. 

The accuracy of the temperature measurements made is 
ultimately dependent upon the accuracy of the thermocouple 
reading in the calibration furnace. The thermocouple was 
calibrated against a platinum resistance thermometer up to 
1000° c and was accurate to +1 degc. However, at the 
maximum temperature of 1450° c there was a possible error 
of +0:25% of the reading. Consideration of this error, 
together with the possible errors in wire measurement, 
suggests that the maximum possible error in the value of 
the emissivity occurs at the highest temperature and is of the 
einelse Gt SE Ilos A 
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Abstract 


The correct specification of industrial instrument obseryva- 
tion error in terms of magnitude and frequency of error 
is discussed and experimental results are presented for 
two examples of scale design from the British Standards 
Institution draft recommendations. These results show 
that the design performance (95% of all observations shall 
have errors not exceeding +1% of maximum scale value 
for a scale commencing at zero) is achieved providing that 
observers have a minimum of practice and are allowed a 
maximum of two seconds observation time under adequate 
illumination. 


1. Introduction 


described the evidence and the conclusions which form 
the basis of the British Standards Institution (1961) draft 
recommendations on instrument design. 

Whilst the evidence is impressive in volume, it presents a 
rather fragmentary picture of scale design and leaves con- 
siderable latitude for interpretation. This state of affairs is 
in part due to the fact that several design features of a good 
scale are not critical for normal industrial purposes. But a 
good part of this latitude arises because experimental investi- 
gations have not covered every possible combination of the 
variables involved in a given scale. This is for very obvious 
reasons and no one would suggest that, because of this, it 
is not possible to assemble a body of reasonable generaliza- 
tions about desirable design features. But this does mean 
that such generalizations should be sutjected to examination 
to see whether they are valid or in need of modification. It 
is the purpose of this note to describe an investigation of two 
designs based on the Recommendations to see whether they 
yield the observation accuracy predicted for them. It will 
be useful to precede this description by a brief discussion of 
what we mean by observation accuracy, so that the meaning 
of the results will be more readily appreciated. 


I: a recent article in this Journal, Maddock (1961) has 


2. Observation accuracy 


When the physical accuracy of an instrument movement is 
specified, it is usually sufficient to state the range of the 
error in position of the index or pointer driven by the move- 
ment. For example, this is commonly expressed as +x% 
of full scale deflection. This value is a constant, to all 
intents and purposes, and very precise limiting predictions 
can be made about the true value represented by any given 
pointer displacement on the assumptions that no drift occurs 
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and that no departure from design operating conditions |] 
allowed to occur. | 

In the same way, the observation accuracy achievable wt 
a given scale may be expressed as +x% of the maximul 
scale value (abbreviated to m.s.v.* in what follows) providii 
that a fundamentally necessary qualification is added whi¢ 
specifies what proportion of any given series of observatio} 
will, or are predicted to, lie within the +x% of m.s.v. 

The qualification is necessitated by the characteristics }} 
the observer who, by virtue of the complexity of his senso}} 
and cerebral mechanisms, is never completely error fre 
Every so often, even when specially motivated to avoid |} 
he will misreport an indication. Furthermore, it is difficu 
to predict the magnitude of these errors. In general, erraj| 
may be conveniently divided into two classes, one cla 
consisting of small errors and the other of large erro 
The small errors arise through lack of sufficient ‘resolvi 
power’ to achieve perfect visual discrimination of the exa 
position of the pointer in relation to scale marks. A secor 
source of small errors is failure correctly to establish, 
report, the small scale division occupied by the pointer. T 
involves partly visual and partly cerebral mechanis 
Large errors, which are much less frequent in practice, see 
to occur as a result of a cerebral aberration and are lité}, 
understood. For example, a typical example would 
reporting an indication of 425 as 225. Good design cdf 
dramatically reduce the incidence of both large and sma} 
errors, although the latter always remain as long as t 
designer has to achieve compactness of scale as one of 
objectives. Due to these various sources of error then, 
typical observer during a series of observations on a give} 
scale will closely approximate to a normal frequency dif} 
tribution of error magnitude, with a small proportion 
extreme error values. The mean of this error distributi 
is zero, or very close to it, with a standard deviation aid 


varies according to the scale design, conditions of observatidt 
and the degree of practice of observers. The scale designe 
problem may thus be considered as one of reducing the vale} 
of the standard deviation of observation error to a vali} 
approximately one-quarter the allowed error tolerand 
measured in scale units. | 

It is clear, therefore, that observation accuracy invol 4 
not only the physical magnitude of error in terms of scat 


* m.s.v. is used in this article as an abbreviation for maximut} 
scale value. It is assumed that the scale starts from zerif 
Maximum scale value is defined in B.S. 2643, Glossary of tern 
relating to the performance of measuring instruments, as follow 
“the greatest value of the measured quantity which the scale } 
graduated to indicate”’. | 
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yw set to known positions by the experimenter. 
| exposure of the indicator, the experimenter reset the pointer 
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units, but it also involves the frequency with which observa- 
tions must lie within the allowed error tolerance. If the user 
requirement is that 90% of all observations taken must lie 
within +2% of m.s.v. then a scale designed around an 
objective of 80% of observations lying within +2°/ of 
m.s.v. will not be adequate. A simple analogy of this 
situation is perhaps that of selecting an electrical resistance 
for a circuit. It is necessary, but not sufficient, to know 
what ohm value is required. It is at least as important to 
know what watt rating is required, since the same ohm 
value is available in a large number of different watt ratings. 
For any given circuit application only one value of ohms 
and one value of watts will be optimal. The British Standards 
Institution Draft Recommendations suggest that a reasonable 
design objective is that 95°% of any sample of observations 
by practised observers under specified observation conditions 


| shall have errors not exceeding +1°% of m.s.v. for scales 
starting from zero. 


If the scale commences at a value other 
than zero, the error limits will be +1°% of scale range. 


3. Experimental method 


An apparatus was constructed which allowed an observer 


| to see a dummy indicator for a period of two seconds when 


he pressed a switch which controlled a solenoid-operated 


| shutter placed in front of the dummy indicator. The dummy 


;indicator had a movable pointer which could be accurately 
After each 


{in readiness for the next exposure. A series of ten exposures 
/ was made for each of the two scales used in this examination. 


» Before each experimental series of exposures, the scale was 


.shown to the observer and its features were described. He 
/ was told to ask questions about the scale if he was not sure 
about the markings and so on. After this, and before 
|commencing the experimental series of observations, he was 
allowed to make five practice observations. During the 
‘experimental series, the observer reported as accurately as 


4 possible each indicator setting as soon as he could during or 
| after its exposure. 


The phrase ‘as accurately as possible’ was used deliberately 


vin describing the task to the observer, to convey the idea 


that he was not limited by any arbitrary standard of approxi- 


mation. He was told that reporting to the nearest scale unit 
4 @.e. interpolation of a scale division into twentieths) was 
desirable, but that if he wished he could report to the nearest 


fortieths). It was further pointed out that he would probably 
regard the latter as guess-work, but that nevertheless he was 
to go ahead and guess. This type of advice was given 


4, because it is well known in psychological literature that very 


‘often what prevents a person achieving the high degree of 
‘accuracy he is capable of achieving is simply lack of confidence 
in reaching a decision. Instructions that guessing is allowed 
jthus act as a restorative to confidence and allow best per- 
formances to be achieved. ‘Second thoughts’ were allowed, 


| but only one exposure at a given indication was permitted. 


This procedure was followed for a total of 24 observers. 


|The order of presentation of designs was alternated and the 
| settings selected to cover most of the scale range evenly and 
‘to provide even representation of unit digits in the indications. 


4. Indicator scales 


The two designs studied are illustrated in Fig. 1. The 
‘0-600 scale was chosen because it is one of the least satis- 


factory of the compromises adopted in the British Standard 
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Illustration of the scales investigated. 


Institutions draft recommendations. It may therefore be 
regarded as representing the worst case for an examination. 
If it yields satisfactory results one can assume that the other 
recommended scale ranges would perform equally well, if 
not better. 

The choice of the 0-6 scale was made because it was 
thought that accurate reading involving two places of 
decimals might lead to confusion and increased errors by 
observers. In both designs the scale base diameter was 
2-10 in. 

Four different designs of pointer were employed during 
the investigation but subsequent analysis showed that no 
differences in observation accuracy occurred due to this 
variable. For the purpose of this paper, therefore, this 
feature of the investigation will not be discussed. 


5. Observation conditions 


Observers sat comfortably in an office chair placed so that 
their eyes were 6ft from and about 6in. above the centre 
of the indicator. 

The scale markings and digits were black on a white dial. 
The panel supporting the indicators was painted matt finish 
medium grey and was 25 in. wide by 16 in. high. Illumination 
was provided by two 40 w pearl bulbs in Anglepoise lamp- 
holders positioned on either side and 2 ft from the indicator; 
the luminance of white dial surface was 17-8 ft lamberts and 
that of the panel was 5-6 ft lamberts. 


6. Observers 


Twenty-four process operators from an oil refinery 
volunteered as observers. Their ages ranged from 21 years 
to 50 years, with a median age of 34 years. 

They were not examined for visual capacity since the scale 
designs allow for variations in this respect. 


7. Results 


The overall results are illustrated by the graph, Fig. 2. 
This shows that between 88% and 90% of the observation 
sample was within the specified tolerance of +1% of m.s.v. 
(i.e. within +6 scale units or +0-06 units of the true indica- 
tion respectively). This is a little below the 95% specified 
by the B.S.I. draft recommendations. However, these 
observers, although familiar with instrument observations, 
were not practised in these designs. It was not possible, of 
course, to keep these men from their work for more than a 
minimum of time, so that a full-scale experiment designed 
to show improvement with practice could not be carried out. 
A check on the effect of practice was carried out, however, 
on one observer. 
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Percentages of observations which fall within stated limits 


S10) 216 8) 110) 
+010 +015 


Limits of error Cin scale units) 


0 t5 
0 


Fig. 2. Cumulative frequency distributions of observation 

errors for two scales (illustrated in Fig. 1). The graph shows, 

for example, that for the 0-600 scale, 89°% of observations are 
at least as accurate as +6 scale units. 


This observer was selected as being of average performance 
from the results obtained in the experiment. Permission was 
obtained to use him as an observer for a second period. 
During this second series, he made a further 80 observations 
on the 0-600 indicator. The graph, Fig. 3, shows the change 


100 observations/I-l00 


90 observations [-30 


@ 
oO 


Percentages of observations which fall within stated 
limits of error 


0 £5 4al%omsv. tO +15 £20 
Limits of error Cin scale units) 


Fig. 3. Cumulative frequency distributions of observation 
errors at two stages of practice for one observer. 


in performance between the first 30 and the last 30 observa- 
tions. It can be seen that after 70 observations he is achieving 
a 95% proportion of correct readings. Consequently, it may 
be said that for purposes of definition, a practised observer 
is one who has made a total of at least 100 observations on a 
particular scale design. The difference in r.m.s. error between 
the first and last batches of 30 observations is very significant 
statistically, so that the claim can be made that these results 
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| 
are evidence of genuine improvement and not just a fortut 
difference. 

The description of results can be completed by a bri 
survey of the gross errors that occurred in the main expe 
ment. Out of a total of 480 observations (2 scales x 1 
observations x 24 observers) 24 (i.e. 5%) were in error ce) 
more than +14% of m.s.v. 


i 
I 


| 


Of these 24, there were fou) 
errors greater than +10% of m.s.v. (ie. +60 or +0-6 sca 
units) and all of them involved mislocating the numbere}) 
segment of the scale, so that they were errors of +100 of 
+1-0 scale units respectively. 


It is significant that two qj| 
the four occurred when the pointer obscured part of th 
nearest scale number group. These four errors then com 
respond to those described earlier as due to a ‘cerebré 
aberration’ and constitute a little under 1% of a 
observations. | 
The remaining 20 errors were small and 16 of them wer}) 
errors of almost exactly +10 or +0-1 scale units. Thy 
failure here is due to mistaking the small scale divisions | 
equal to 10 instead of 20 scale units. This is a commo}} 
source of error which is difficult to combat, because if mincf| 
divisions are shown for every ten scale units, the observer | 
] 


then much more likely to ‘mis-count’ the number of sma 
scale divisions. Hence the cure exacts a penalty of errors qf} 
a different cause, and in most cases it will be found that thes 

latter will be more frequent than the original errors. 


8. Conclusions 


It is concluded that these two scale designs yield tl 
specified performance claimed for them in the Britis 
Standards Institution draft recommendations. That is, 95 A 
of all observations taken will be within +1°% of m.s.v. cf! 
the true indicated value. This performance is obtained il 
the following conditions: that a luminosity of at least 5 
lamberts on white surfaces prevails, that a maximum qf 
2 seconds is available for observation and that the observer} 
are practised on the scale (the evidence presented he 
suggests that about 100 observations will be sufficient, b 
minimum, amount of practice) and trying to observe it a 
accurately as possible. 
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‘Dielectric behaviour of mercuric oxide 


}The variations of the permittivity and of the loss tangent 
\jof the red and yellow modifications of high purity HgO with 
temperature, in the interval between —78-5 and +120°c 
‘\were determined at frequencies between 50 c/s to 5 Mc/s, 
\jusing compressed powder specimens (grain size less than 20 L) 
with allowance for porosity (Bottcher 1942, 1945). It has 


ijtemperatures and high frequencies (Fig. 1). The a.c. con- 


{ 50 c/s 
4:9 Mc/s 
. lkc/s 
= le 40 kc/s 
= 


Nh 


-80 0 80 160 
Temperature (°c ) 
Fig. 1. Temperature dependence of the apparent dielectric 
constant of HgO, with the frequency as a parameter. 
Solid symbols indicate red HgO, open symbols yellow HgO. 
The true permittivity at static frequencies is probably near 9. 


ductivity (Fig. 2) indicates that the red oxide may contain, 
(possibly more than the yellow, impurity centres which become 
lionized below room temperature, and its normally higher 
{dielectric constant is probably associated with this ionization. 
The loss mechanism appears to be a Maxwell-Wagner type 
of electronic character, and is possibly due to stoichiometric 
excess of mercury, a conclusion which is supported by the 
sign of the thermoelectric force which suggests that, like 
{ZnO (for example, Hahn 1951), HgO is an n-type semi- 
‘conductor. 


Log Ox 10!2 
SS 
bee 

an 


6 


3 4 5 
1o5/T 
Fig. 2. Relation between the logarithm of the a.c. conduc- 


tivity and the reciprocal absolute temperature. The units of 


Oc are ohm~!cm~—!, 
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chemical properties of some metallic oxides. 
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Anomalous variation of surface tension 


In the course of surface tension measurements on a pro- 
prietary fluid* the authors have found an anomalous 
variation of surface tension with temperature, shown in the 
figure. 

The fluid consisted of a glycol-water mixture in approxi- 
mately equal proportions, the glycol being made up of 
several lower members in addition to a high polymer glycol. 


38 


m 
Ww 
4 

] 


So) = 


Surface tension (dyn/cm) 


35 
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Variation with temperature of surface tension of the fluid. 


The surface tension was measured with a du Noiiy ring 
tensiometer to an accuracy of +0-1 dyn/cm over the 
temperature range 5° c-80° c. Measurements were taken on 
several samples of the fluid and whilst the specific values 
recorded differed slightly from sample to sample, the shape 
of the curve was consistent in each case with the maximum 
appearing at about 45° c. 

A survey of the literature has revealed that a reversal of 
temperature coefficient of surface tension with change of 
temperature has been observed in the cases of liquid crystals 
(Adam 1946, Ferguson 1943). All other cases noted, 
e.g. polyethylene glycols and their derivatives (Gallaugher 
and Hibbert 1937) and alcohol-water mixtures of varying 
proportions (Bonnell, Byman and Keyes 1940) as well as 
many other liquids show consistently a negative temperature 
coefficient. This has been found also by the authors for 
ethylene glycol-water mixtures containing from 100% to 
50% glycol. Altenburg (1952) neither found nor expected 
anomalous variations of surface tension with temperature for 
ethylene glycols. 


* The fluid used is commercially known as Houghtosafe 271 
and the authors acknowledge gratefully the co-operation of the 
suppliers, Messrs. Edgar Vaughan and Co. Ltd., Birmingham. 
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Two possible factors which may suggest lines of investi, 
tion are now considered. 

Firstly this anomalous rise of surface tension wW 
temperature may be due to a variation of association of © 
polymer glycols with rise of temperature. Presumably t}} 
cannot be due entirely to the lower member glycols in vi) 
of the authors’ work on ethylene glycol-water mixtur 
Unfortunately evidence shows that the relation of degree, 
association to surface tension, by means of the E6tve} 
Ramsay Shields equation, for example, is open to questij) 
(Adam 1946). Further Mitra and Sanyal (1958) have deriv) 
on theoretical grounds the equation log S = A — B/(T, — }} 
where SS is the surface tension, T is the temperature, TJ, 4] 
critical temperature, and A and 8 are constants. 
equation was shown to hold in cases of both associated 


non-associated liquids and to describe a falling surfe} 
tension with increase of temperature. It is clear that a i 
of this form could not describe both a rise and fall of surfé}} 
tension. | 
Secondly, since the positive temperature coefficie 
observed in the case of the liquid crystals occur during tl 
change from anisotropic to isotropic states, it may be tH 
some orientation in the cooler mixture is destroyed by a rf 
in temperature. This line of thought has some support 
the paper of Gallaugher and Hibbert (1937). | 
It may be noteworthy that Skala (1912) reported a reveri} 
of temperature coefficient for glycerine-water mixtures Hh 
this change was due to variation of mixture proportion al 
not temperature. The present authors did not at first ru} 
out selective evaporation, for example, as a possible li 
here but it was found that cooling of the fluid used result 
in a reversal of the surface tension trend and so evaporatilf 
could not be causing the effect noted. 
R. W. CoTrerHiL: 


R. K. Fircu 
4th October 1961 
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Thermal expansion of bismuth telluride 


}na recent examination of the properties of bismuth telluride 
it high temperatures, it became desirable to know the thermal 
-)xpansion coefficient as a function of temperature in both 
‘|he a and c directions in the crystal. 

| Specimens were prepared by fusion of stoichiometric pro- 
}ortions of the elements in vacuum and subsequent zone 
\nelting to align the crystallites in one direction. It was 
then possible to obtain single crystal specimens from this 
‘jngot, which were used to determine the expansion coef- 
‘jicients. Parallel to the cleavage plans these were about 
‘scm in length and perpendicular to this direction 0-9 cm. 

‘| The linear coefficient of expansion « was measured relative 
‘}O quartz, using a conventional push-rod technique with an 
yptical lever capable of detecting changes in specimen length 
‘bf less than 10~4cm. In this way the results shown in the 
‘\3igure were obtained. 

These results differ markedly from those of Francombe 
1958). However, his values are based on a limited number 
yf points in this temperature range obtained by an x-ray 
“echnique. If a mean value of the expansion coefficient is 
‘ound from the unit cell data of his work, its magnitude is 
‘n much better agreement with these results. These mean 
Yvalues are also shown in the Figure. 

' The sudden decrease in «, near the melting point was 
eproducible, although the specimen length changed slightly 
‘wach time this temperature range was covered. It is thought 
Shat slip may be taking place between the planes and a 
‘sertain amount of distortion was found on the sides of the 
specimen on removal from the apparatus. This pre-melting 
‘yhenomenon may be associated with the anomalously high 
\7value of the heat capacity in the same temperature range 
‘which have been observed by Bolling (to be published). In 
iddition, further support has been found by Hodgson 
|private communication, 1961) using a differential thermal 
jinalysis method. 

The linear expansion coefficient observations have been 
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used to derive values for the volume coefficient of expansion 
and these are also shown in the Figure. The low temperature 
minimum in this parameter has been confirmed by Packwood 
(private communication, 1961) using a volume dilatometer. 


25 Tw 


Francombe 


Linear expansion coefficient x 10° (deq-! C) 


Volume coefficient x 10° (deg-' C) 


0 100 =200 300 400 500 600 
Temperature (°C) 


Expansion coefficient of bismuth telluride. 
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Fortschritte der Hochfrequenztechnik, Band 5. By M. Strutt 
and F. Vilbig. Translated by F. Rihmann. (Frank- 
furt: Akademische Verlagsgesellschaft, 1960.) Pp. x + 
412. 


This is the fifth volume in a series entitled ‘Progress in High 
Frequency Techniques’, the preceding volumes having 
appeared in 1941, 1943, 1954 and 1959. The later volumes 
consist of about eight chapters on different aspects of high 
frequency technology, the qualification ‘high frequency’ being 
taken in its broad sense of radio frequency. The chapters are 
by different authors, each an authority on the subject matter 
concerned. This is an advantage that has been increased in 
the last two volumes by widening the source of authors to 
include other nationalities. In volume five, three chapters 
are written in German and five in English, but abstracts and 
figure legends are given in both languages. 

Two separate chapters of a related nature are of interest to 
those concerned with the transmission of speech and tele- 
vision signals over low capacity channels. Emphasis is 
primarily on coding techniques for band compression, 
although the subjective aspects are not ignored. Theoretical 
discussions indicate the degree of bandwidth compression 
that should be achievable and these are followed by des- 
criptions of some methods that have been tried. Attention 
is drawn to the essential complication of the apparatus and 
to the reduced entertainment value. Communication systems 
are represented by a chapter on recent advances in digital 
communication, covering the theory of signal error proba- 
bilities due to additive Gaussian noise and to Rayleigh fading. 
There is discussion of diversity methods and error-correcting 
codes but little of circuit techniques. Three chapters lie in 
the field of electron tube design. One shows how to deter- 
mine approximately electron trajectories in electric and 
magnetic fields taking account of space charge forces, a 
problem which becomes important as current densities 
increase in relation to tube potentials, a second describes the 
operation of charge controlled storage tubes, and the third 
deals with the design of millimetre wave valves along con- 
ventional lines. Until one or more of the new principles of 
millimetre-wave generation reported in the literature actually 
materializes into a practical device, there is a need for 
ingenuity in straining those techniques already in use at 
slightly longer wavelengths. The design of non-reflecting 
surfaces at centimetric wavelengths is treated quite thoroughly, 
proceeding from an exposition of basic principles to details of 
experimental results. The volume would hardly be represen- 
tative without some reference to semiconductor progress and 
the particular aspect reviewed is the development of high 
frequency transistors of various types. The influence of the 
various parameters on the frequency limitation is illustrated 
by mathematical and physical descriptions. Tunnel diodes 
are also included. 

In each subject progress is reviewed over the last few years. 
The development is presented logically and sufficient theory 
is given so that the reader can learn something of each as well 
as become au fait with the present state of the research. The 
decision to publish this book annually should be welcomed. 

R. DALZIEL 


The encyclopaedia of spectroscopy. Edited by G. L. Clark. 
(New York: Reinhold Publishing Corporation; London: 
Chapman and Hall, 1961.) Pp. xvi + 787. Price 200s. 

This impressive book should not have been called an encyclo- 

paedia. If it were one, the coverage would be complete and 
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redundancies avoided. The articles would be concise aj 
appropriate in length to the importance of the topic ce) 


cerned. The matter would be logically arranged so that Cy 


could find a subject without difficulty. || 
Actually it is a collection of articles, some excellent, othi] 
poor. One article (‘Differential thermal analysis’) seems} 
have drifted in from another encyclopaedia. Omission |} 
this, and stricter editing, might have left room for the lors} 
tudinal observation of the Zeeman Effect, with the consequa| 
circular polarization, for going beyond L-S coupling al} 
mentioning j-j coupling and others, for giving more th)j 
eighty words to the Stark Effect (and that in the article on 4 
Zeeman Effect), for the theory of x-ray spectroscopy, and 4 
many other subjects. Fourteen and a half pages of “Pa) 
Products’ is long under the circumstances. | 
The modernity of the book is evidenced by an article 
‘Optical Masers’, said to have been derived from two ne 
items, one in the New Scientist and one in the Denver Pa 
The publisher states that “the articles are not mer 
abstracts or highly condensed versions of original mant 
cripts. Each article was especially written for inclusion | 
this volume and covers every major aspect of its topic 
Further, the publisher claims that there were “‘over 160 int | 
nationally recognized contributors”. In fact sevente} 
articles have footnotes acknowledging either previous pul} 
cation or their condensation from articles previously pul} 
lished. The list of contributors in the book contains 1 
names. 
It is dear at £10; half the book at half the price, careful} 
selected and edited, would be good value. A. C. MENZIH 


Progress in aeronautical sciences, Vol. 1. Edited by 
FERRI, D. KUCHEMANN and L. H. G. STERNE. 
New York, Paris, Oxford: Pergamon Press, 196} 
Pp. xix + 280. Price 80s. | 


This is the first of a series of volumes to be published annual 
each of which will contain a number of review articles | 
aeronautical interest. In the words of the preface, it is hop 
that these articles “‘will provide the specialist reader with | 

1 


orderly but concise summary of recent work and so relie 
him of the need for excessive recourse to original papers; a 
the general reader with an opportunity to become painless 
but usefully informed of recent developments in fields oth 
than his own’’. The volumes are thus to a large degree dj 
aeronautical counterpart of the ‘Reports of Progress 
Physics’ or the ‘Reviews of Modern Physics’. 
It is likely that a book of this type will consist of seven} 
more or less unrelated articles and the present volume is a} 
exception. In the first article, E. C. Maskell of the R.A. 
Farnborough, discusses the basic principles of aerodynam 
design, pointing out that present-day aircraft shapes, will 
attached flow over nearly all surfaces, are not the o | 
possible forms which give acceptable, steady flows. Thoug] 
well written, this article is very short (7 pages) and serves |} 
whet rather than satisfy the appetite for aerodynamic phil] 
sophy. The second article is by Robert Legendre and sé 
out, in French, a method of designing compressor aul} 


that of the use of potential flow methods for the design || 
wings for supersonic flight. It too is in French and is writtal 
by M. Fenain of O.N.E.R.A. In both these papers mi 
subject is treated strictly from the theoretical standpoint; 


4 
comparison with experiment is made. 
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} Semiconductor devices and applications. 


. basic physics of semiconductors. 
| a useless striving for completeness. 
| unreasonable when the physics of semiconductors was little 


The fourth article is an excellent account in German by 
E. Becker of Gottingen of the recent work on unsteady 


.| boundary layers, particularly those developing in the short- 
| duration flows that occur in shock tubes and hypersonic test 


facilities. Existing theories are reviewed and compared with 


| experiment and there is an extensive bibliography. For 
.| Physicists, the fifth article is perhaps the most interesting. 
|| By F. A. Goldsworthy of Manchester University, it discusses 
{| in some detail the dynamics of an ionized gas. 
‘} progress of sustained and ballistic flight has forced aero- 
‘| dynamicists to regard air as a real, and not a perfect, gas and 
| hence to become concerned with the details of dissociation 


The rapid 


and ionization processes. The flow of ionized gases is of 


.) course also of interest to those working in many other 
} branches of physics, from kinetic gas theory to stellar explo- 


sions. Goldsworthy’s review of this comparatively new sub- 


‘| ject is therefore very welcome, the more so since it sets out 
| existing knowledge in a clear and concise manner. 


The final two articles originate from the R.A.E. In one 


{+ D. Williams considers the structural problems encountered in 
' the design of aircraft pressure cabins. 


Imptherothen Cakes. 
‘Warren and D. G. Randall set out the theory of the sonic 


; _ bangs produced on the ground by aircraft flying at supersonic 
‘y speeds. 
‘/ mystery surrounding this topic and in showing that the 


This article is useful in clearing up much of the 


! observed effects may be explained quite rationally. 


The overall impression is of a useful, if rather mixed col- 


lection of papers, of a sufficiently high standard to allow 
forthcoming volumes to be awaited with interest, though 


4 perhaps more by the aerodynamicist than the physicist. The 
) printing and layout of the book are very good. 


E. W. E. ROGERS 


By R. A. GREINER. 
(London: McGraw-Hill, 1961.) Pp. xiv + 491. Price 
97s. 


1 Almost every author who writes a book on applications of 
' semiconductors (and there are many) seems to feel that he 


must devote a fair portion of the book to a discussion of the 
This is done apparently in 
It might not have been 


known but is hardly justified now. Quite a number of both 


| elementary and advanced accounts of semiconductor physics 
| are now available and most of the potential readers of this 
' volume are likely already to have a book on the subject; they 
| will rightly feel that they do not need to pay again for the 
' material in the first five chapters of the present book in order 


to have the rest; the price of the book is, in any case, rather 
high. Moreover, because of the need for compression, the 


_ author has been unable to present an entirely satisfactory 


account of the subject; indeed, in striving for conciseness and 
simplification he not infrequently misleads. The book could 


well have begun with Chapter 6 which is a very sketchy 
account of electrical contacts. 


Chapter 7 gives an account 


of p—n junctions which play a very important part in all 
- semiconductor applications; the phenomenon of tunnelling is 


described but other important junctions like the p-p* and 
n-nt junctions are hardly mentioned. 

The rest of the book is devoted mainly to the use of tran- 
sistors and diodes in electronic circuits and very little is said 
about many other uses of semiconductors; to this extent the 
title is misleading. The next few chapters discuss the practical 
characteristics of transistors and diodes. There follows a 
discussion of transistor amplifiers for small signals and for 
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higher powers, both a.c. and d.c. types being dealt with in 
some detail. Power supplies using junction rectifiers are then 
described, and stable oscillators using transistors. The last 
three chapters are devoted to switching circuits of the type 
used a great deal in electronic digital computers. The treat- 
ment follows a logical sequence suitable for a text book for 
engineering students who are more directly interested in the 
practical side of electronic circuits. The author rightly 
believes that an appreciation of the physics underlying the 
device operation is essential and has tried to present his 
material in such a way as to give some insight into the under- 
lying physics. 

A number of practical problems for solution are given at 
the end and these are chosen so as to consolidate the students’ 
knowledge of the theory and also to make them aware of the 
practical and numerical aspects of the subject. The book is 
well produced in the well-known style of the publishers and 
is extensively illustrated. As stated above, it seems expensive 
for its contents, much of the material being available else- 
where. It does, however, form the basis of a logical course 
on transistor circuits. The rapid development of the practical 
forms of transistor and also of the techniques of using them 
means that it cannot long remain up to date, but at the moment 
it represents current practice fairly well. 

R. A. SMITH 


Flow of Fluids through Porous Materials. By R. E. CoLtins. 
(London: Chapman and Hall, 1961.) Pp. x + 270. 
100s. 


This useful volume reviews a field which has become of great 
interest to physicists and physical chemists, and which has 
long been of importance in petroleum technology, hydrology 
and soil science. The fundamental basis is potential theory, 
so that the subject is closely related to the flow of heat and 
diffusion of matter. This book is written more from the 
viewpoint of the petroleum technologist and hydrologist, and 
is perhaps at its best when considering simultaneous flows of 
miscible and of immiscible fluids, flow with change of phase 
and related problems. 

In his preface, the author states that there are only two 
other books in the English language dealing with flow in 
porous materials, respectively by Muskat and by Scheidegger. 
However, there is also the monograph by Carman (Flow of 
Gases through Porous Media (London: Butterworths)) and the 
monograph-length article by Hubbert (J. Geol., 1940, 48, 
785-944) which, in the reviewer’s opinion, constitutes one of 
the best analyses of the scope of Darcy’s law so far written. 
Indeed, although it is to the point, the bibliography is rather 
meagre, in view of the great wealth of relevant literature. 

The new monograph comprises ten chapters, dealing with 
structure and properties of porous materials; statics of fluids 
in porous media; theory of flow; steady, homogeneous laminar 
flow; transient laminar flow; flow of immiscible fluids; 
moving boundary problems and deposition of solids; flow of 
miscible fluids; theory of models; and flow with change of 
phase. 

A number of printer’s errors appear, among which are the 
following: p. 31, ‘sandpoint’ for ‘standpoint’; p. 32, in the 
ordinate of figure 2-6, K/¢ should be \/(K/); p. 49, equation 
3.4, ‘g’ is not a subscript; p. 62, equation 3.45 should read 
‘Po — Pg = Pog NOt ‘Po = Pg = Pog’. However, these are 
obvious misprints which will not mislead. The book provides 
a useful addition to the literature of flow in porous materials. 


R. M. BARRER 
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Centenary of Plastics 1862-1962 i | 

We have received notice that a joint committee of tl] 
Plastics Institute and the British Plastics Federation is ||) 
organize a number of events in connection with a Centenaj) 
of Plastics 1862-1962. These will include the publication \}) 
a book giving the story of plastics and containing a detaile|| 
history of celluloid, contributions in the national an) 
technical press and on radio and television, open days | 
firms in the plastics industry and special meetings a 
lectures throughout the centenary year culminating |) 
Interplas 1963, the International Plastics Exhibition to ¥ 
held at Olympia from 12-22 June. 

Further information may be obtained from the Plastiy) 
Institute, 6 Mandeville Road, London, W.1. i] 
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